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REMARKS

Elias Klein, Ph.D.
Sarasota, Florida

(U) Prior to 1940 little consideration 3. By providing consultative
was given to the phenomena of Shock and Vi- services to contractors of the Department
bration in military operations. Damage caused of Defense.
by explosive or vibratory forces was repaired
by trail and error. By the end of World War (U) Needless to say, the centralizing
II repair shops in many parts of the world activity grew and expanded. Its prosperity
recognized and took up the problem. But attested to it as a success story.
there was no coordinated effort. Recognizing
the need, the Navy Department early in 1946 (U) As we approach the second quarter
established at the Naval Research Laboratory century of operation, I would like to offer
one unit devoted to basic research in shock suggestions on the changes or emphasis which

and vibration and another to act as a "cen- could be made if I had it to do again. Here
tralizing activity" for the collection, are a few that come to mind.
correlation and dissemination of all infor-
mation on this subject. Later, the function a. Eliminate prejudice in problems as
came under the jurisdiction of the research well as humans.
and development board, and finally under the
Office of the Assistant Secretary of Defense b. Develop motivation for inter-
for research and engineering. All interested personal cooperation among co-workers.
service agencies participated, and the func-
tion was linked with the preparedness effort.- c. Correct the mistake of wasting time.
The Centralizing activity carried out its
part in several ways: This overview also points to the conclusion

that in this day of problems faced by the

1. By keeping engineers and human race, as for example in pollution, a
scientists informed of developments in the centralizing activity can be a method for
field through periodic symposia on subjects correlating the attack. Concerted effort
which appeared urgent and timely, and cooperation, exchange of information

rather than competition, would bring successful
2. By compiling surveys, inven- solutions sooner.

tories and summaries of current live research
in different areas bearing upon an iamnediate
problem. This centered the focus on whatever
was being done in the Department of Defense.

* Dr. Klein was a main driving force at the inception of the Shock and Vibration Technical Symposia
in 1947. Until his rtoirement in 1958 he planned and directed the Shock and Vibration Symposia and
the other related activities of his office. Since the 43rd Shock and Vibration Symposium in Monterey,
California was held during the 25th Anniversary year of these Symposia SVIC had arranged for Dr. Klein
to record these remarks. They were heard as part of the opening session chaired by Dr. W.W. Mutch,
who was Head of the Shock and Vibration Center from 1958 until his retirement in 1972.
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INVITED PAPERS

A QUAR"FR CFMa Y OF PGRF F

Dwight C. Kennard, Jr.
Consultant

Traverse City, Michigan

INTRODUCTION

(U) A quarter century, I am sure, seems a scientist at the Naval Fesearch Laboratory.
like forever to the younger set. I have lived lie said "something must be done" to consoli-
through the quarter century that followed date ideas and to coordinate shock and vibra-
World War II, but even to me it seems incred- tion technology along more scientific lines.
ibly longer when reminiscirg atout the events With characteristic vigor, foresight and
of that period. Many will agree that in no determination, he became instrumental in
other con arable period have there been more bringir about a recornitlon by the Navy
changes and perhaps more progress that seem that no longer could it afford to deprecate
to make time stretch like a rubber band. the importance of this technolopy. In one

problem alone, that of transoortir World
(U) Twenty-five years ago we were still Y'ar IT military equipment, it was found that

emerging from the devastation of World War II. more than half arrived at the scene of or-
The charter of the newly formed United Nations erations in a darared and unusable condition
at long last raised our hopes that never again due to hardlirr and transnortation-induced
would there be another war between nations, shock and vibration.
Hardly anyone took Wernher VonBraun's crackpot
ideas seriously about the feasibility of space (U) This tremendous waste was just part
flight and he was regarded then simply as the of the price of neglecting the effects of
captured German scientist who developed the shock and vibration. Facts were coming to
V2 Rocket. New cars were equipped with wooden light that showed compoundinv costs from
planks in place of btupers because of material malfunctions of enuirxnent impron~rly desinmed
shortages. There were no passenger jet air- for shock and vibration, excessive maintenonce
planes. The 2-50 and B-36 were our first- and repair, and unreliability of systems unuer
line bombers. Neighborhood parties were in combat and/or service conditions.
vogue for watching TV programs in the one
hame on t. clock fortunate enough to have a THE NAVY ACTS
set. Even the young males visited the barber
shop every other week. (U) fes, it was agreed that somethingr

must be done, so early in 1946 the Chief of
NEED FOR CMUNICATION IN SHOCK AND VIBRATION Naval Operations through the Office of Naval
TECHNOLOGY Pesearch, established a unit at the Naval

Research Laboratory to conduct basic research
(U) We had managed to cane through the in shock and vibration, and another unit "to

war with a shock and vibration technology act as a center for the collection, core-
that resided with only a few isolated indi- lation, and dissemination of all available
viduals and groups primarily in the three information on this subject". Thus for the
military services but interservice coordina- first three years, the newly created Cen-
tion was practically nil. Shock and Vibration tralizing Activity for Shock and Vibration
was not generally recognized as a technology was sponsored by the Navy alone, certainly
or at best it was considered a kind of unim- a tribute to its foresight and progressive
portant off-beat idiosyncrasy. The technique attitude. This action, of course, was in
of the shock and vibration engineer often keeping with the Naval tradition of prompt-
revolved around a kind of enlightened "cut inp applied sciences which a ruarter century
and try" procedure. earlier in 1923 led to the establishment of

the Naval Research Laboratory as recommended
"SONMTHIN, MUST BE DONE" by Thomas A. Fdison.

(U) Then into this scene came the eter- (U) Then in 109, the Research and
nally youthful and perceptive Dr. Elias Klein, Development Board of the Department of Defense
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took over jurisdiction for operating the their own specific programs and to change
Centralizing Activity although it was des- their organizations so as to give shock and
tined even to this day to remain at the vibration technologists a recognized niche
Naval Research Laboratory and to be op- on a par with other specialized areas provided
erated and manned by that Laboratory. by a particular technical society. This goal

has been achieved during the succeeding years
TNTERSERVICE TECHNICAL GROUP/TECHNICAL by several technical societies who have orVan-
4DISORY GROUP ized their own vibration or shock and vibra-

tion technical committees eg. A.IE., SAE, IFS,
(U) To involve the other services in the SESA, ASA. A ,E holds biennial vibration

Centralizing Activity, a planning council con- conferences and various other technical
posed of technical representatives from the societies hold vibration sessions at their
three armed services was established, known National meetings.
as the Interservice Technical Group for Shock
and Vibration (IM ). It was my privilege to (U) Aside from encouraging technical
serve as one of the Air Force members for 13 society activity in shock and vibration tech-
years and for the last three years of that nology, the symposia have been organized and
period (1959-62) to serve as chairman. This conceived to perform a different function
group now is known as the Technical Advisory than normally performed by the typical tech-
Group for Shock and Vibration (TAG) and is nical society. The symposia have been de-
composed of four representatives each from signed to provide up-to-the-minute information
the Air Force, Navy, Army, and the National on current work in progress. Hence, papers
Aeronautics and Space Administration. Also may describe projects that are not yet corn-
there is one representative from the Defense pleted but which are of sufficient iterest
Nuclear Agency. Dr. Mutch served as chairman to benefit others working on similar problems.
of this group from 1962 until his recent Novel and innovative ideas often appear even
retirement as the Director of the Shock and prior to final verification. Papers some-
Vibration Information Center. Mr . R. times evoke brainstorming sessions in the
Sullivan, NAVSEC, is the current chairman, subsequent formal and informal discussion

periods where the possible solution to a
DEVELOPING THE MISSION AND MODUS OPERANDI OF knotty problem may emerge.
THE SHOCK AND VIBRATION SYMPOSIA

(U) Staff members of the Shock and
(U) The original mission assigned by the Vibration Information Center and sometimes

Chief of Naval Operations to the Centralizing the TAG members travel throughout the USA
Activity in 1946 still stands as the mission and Europe to visit organizations doing work
being performed by the Shock and Vibration in shock and vibration. During these visits,
Information Center today and that is: "to workers, projects, and progress in the field
act as a center for the collection, corre- are noted. Where appropriate, individuals
lation and dissemination of all available and organizations are encouraged and/or
information on this subject". Quoting invited to present their results and describe
Dr. Klein concerning methods of carrying out their projects at a subsequent symposium.
this mission, he said in 1957: "The most The net result is that papers are accepted
fruitful method has been the periodic symposia on current work, involving short lead times
on subjects which appeared urgent and timely for selection and review. This practice is
in light of current defense programs". I in contrast to that of the typical technical
think that statement applies as well in 1972 society where papers are selected generally
as it did 15 years ago. from completed projects or phases after long

reviews with lead times possibly 18 months
(U) From inception there has been an or more before publication. This should not

underlying question about the symposia which be construed as a criticism of the highly
might be paraphrased as: "What purpose can selective approach typically practiced by
be served by the DOD-organized Shock and technical societies because it is important
Vibration Symposia that could not be served to have their kind of refereed and reviewed
better by appropriate technical societies?" papers too. The point is, there is a need
Certainly this is a legitimate question but for both the Shock and Vibration Symposia to
to pose it indicates a basic misconception summarize current work, as well as the tech-
of the functions performed over the years by nical societies to document the more formal,
the symposia. From the start, the symposia sophisticated, and conclusive work.
were carefully planned and conceived so as
not to intrude into areas which could be (U) I understand that a new policy is
served better by technical societies. At being adopted by the Information Center which
that tine none of the technical societies will impose a more stringent procedure for
were organized to give specific attention or review, referee, and selection of Symposium
recognition to shock and vibration as a field papers to be included in the "Bulletin" pub-
of technology. The Steering Committee (17U) lished following each symposium. Until now
felt that one of its major goals would be to there has been a liberal publication policy
encourage the technical societies to set up that permitted practically all papers
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presented at the Syqposium to be included in more apparent. One example took place in 1950
the "Bulletin". It is commendable to try to at the start of the Korean War. larpe quan-
raise the quality of papers included in the titles of war material were arriving at battle
"Bulletin", but it must be done with preat areas In an unusable condition due to damage
care so as not to inhibit the spontaneity of in transit. This was havin, disastrous conse-
contributors which has been the hallmark of nuences in the conduct of the war. In Dr.
the Shock and Vibration Symposia. I would Klein's words: "When this situation came to
like to inject a note of caution and a warn- the notice of the Tnterservice Technical Group,
Ir that if the selection process dampens the a nation-wide svmposifum was soon organized to
motivation for presenting up-to-the-minute discuss ways and means for reducin , damage to
information on current work in propress then mlitary shipments. The railroads, the truck-
the "raison d'etre" for these Symposia will Irr Industry, the Airlines, and maritime Proups
be gone. If this should be allowed to happen, were invited to help In this emergency. rev-
then there would be little justification for eral undred enineers, packaging, designers,
continuing the Fhock and Vibration Center and oreratirg rersonnel from movernment and
since its function would be Indistingulshable corri'rclal arencies were assembled to formu-
from that of the Technical societies. late an answer to the cuestion: 'What can he

done nor to saferuard military shirvents from
(U) Another asnect of the Fhock and shocV and vibration damage?'

Vibration Symposiun which distinguishes it
from the traditional function of the technical (1') "Two symposia on lading damage were
societies is the handling and oublication of held In 1o0 and they served a very useful our-
classified papers. With the symposia under pose. The preval]ri deficiencies in the han-
DOD sponsorship, it is far more feasible to dlir and trsn<rortation of cargo were promptly
control presentation and publication of clas- recognized, and definite cooperative recomien-
sified material than it would be for a tech- dations were made with a view of immediately
nical society. Often this DOD Symposium Increasirn safety Ir transit. "o helPr, imple-
provides the only outlet for a scientist ment the irrrovements discussed at these meet-
working in classified areas to present and lnqs, an offer was made on behalf of the gov-
publish the results of his work and to ex- errnent by the rcntraII7ing Activity to provide
change technical ideas concerning scientific arv carrier system with the best availatle
problems. technical kaowledFe in the field of shock and

vibration which would be apnlicable to the
(U) A matter closely related to the nroblen at hand. In addition, we offered

encouravement of technical society activity ruidance to any common carrier in the use of
in shock and vibration technology, has been modern Instrumentation for evaluatinp and
the development of standards in the United ifrrovir the chances of an equirent's safe
States Standards Institute, International arrival. rertain computer facilities and data
Standards Organization, and the International reduction procedures were nade available to
Electrochemical Commission. It is interest- these orrnrizstlons to expedite their results
Ing to note that maRy persons who have been and to nut them Into practice. The I'aval
most active in the Shock and Vibration Fesearch Laboratory processed some measurements
Symposia also have been active in these for a railroad compvan which accepted our offer.
standardization projects as well as in the This asrect of cuantitive railroad technology
various technical societies. This multi- represented a new approach to the nroblers of
plicity of involvement assures an Informal the transortation industry.
type of coordination and explains the absence
of excessive duplication. Typically the last (U) "rut of these transportation symposia
five chairmen of the USASI F2 Committee on also came some long-range prolects to benefit
"Mechanical Vibration and Shock" (Trent, both civilian and military shipments."
Vipness, Muster, Kennard, Bouche) also
served as members and/or chairmen of the PPOFTIFP nP T'CPflPrF
"Vibration Technical Comittee" of the
Acoustical Society of America and have all (11) Ve often hear such statements as,
been active participants in the Shock and "the production of scientific information
Vibration Symposia. Each of these individuals doubles every ten years." It is interesting,
have also served variously in similar caoac- to note that this is hanpening in the output
ities in the A.W., TFS, SFFA and international of the Shock and Vibration Symosla if one
standardization, considers each published technical paper as

a unit of prouction. By referring- to Table T
(U) The F.hock and Vibration Symposla on it can be seen that durinp the first decade

several occasions were planned and organized (ymosla 1 through 24, l9h7-1P57) L12 parers
to help resolve specific technical problems. were produced. Nring the second decpde
By vettinr workers topether concerning a (.msia 25 througrh 1(, 1997-1967) 789 papers
mutual problem area to describe their work were produced with a 1.9 factor of increase.
and to discuss points of common interest, We now are half way thro-h the third decade
the state of the art was more clearly defined and the number of parers rroduced includirn
and possible approaches to a solution became the hWrd SYmK-sium, amounts to 7I4 with a 0.o
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factor of increase relative to the entire IP63 at the 31rd Soslum by GO.. Painter
second decade. So if we continue the same and I'.J. Parry. This paper presented the
production rate for the next five years, the first of several methods of synthesizin,
nuber of papers produced during the third shock motion on a shaker from a given
decade will be about double that produced spectrum and helped solve missile shock
during the second decade, testing problem involving nyrotechnic

separation devices used for staping and
(U) Table I also shows sipnificant data other actuations.

concerning participation in the Sypsia.
During the twenty-five year period a total "Elementary Considerations of Shock
of 2181 individual authors have participated Spectra" presented in 1964 at the 34th
in preparing 1945 papers for the forty-three Symposium by Trwin Vigness. This was a
Symposia. In contemplating the audiences tutorial paper which clarified widely
who have listened to these 1945 papers and misunderstood concepts of shock spectra.
the readers who have studied the subsenuent
published versions, one gains some idea of "Transient Wveform Control of Electro-
the immense dimension taken on by this means manetic Vibration Test Fnuirment"
of communication amorng scientific workers. presented in 1069 at the 40th Symposium

by J.D. Favour, J.M. LeFxrun, and J.P.
(U) There have been many trend-setting Youn. This paper won the Irwin Vigness

papers which represent milestones of progress. memorial award of the Institute of Fnvi-
It would be foolhardy for any one person to ronmental Sciences. It represents a
ennumerate these because each individual would newer trend for using computer facilities
have his own opinion based upon particular to control a shaker in reproducirn the
interests and problem areas. However, in time history of a motion parameter
consultation with the Shock and Vibration involving application of Fourier integral
Information Center staff, it is anparent that technicues.
a few memorable papers stand out as typical
of the many milestones which are too nunerous (U) The foregoing is only a partial
to mention individually: list to illustrate the point that there have

been many papers presented at these symposia
"Vibration Problems in the V2 and Similar that have been of special interest and/or
Guided Missiles" presented in 194( at have been influential in setting trends in
the 14th Symposium by Wernher VonRraun. dealing with rarticular problem areas.
This paper was a preview of the forth-
coming challenpe that would be faced TF SHOCY AD VIRRATION INFORMATIOIT CFn
by shock and vibration technologists
in developing rockets for the space (U) Althourh this paper primarily deals
program, with the Shock and Vibration Oymposia, it

must be noted that the Shock and Vibration

"ShortccminFs of Present Methods of Information Center provides many additional
Measuring and Simulating Vibration" services. The Symposia proceedings are pub-
presented in 1953 at the 21st Symposium lished In "The Shock and Vibration Pulletin";
by C.T. Morrow and R.B. Muchmore. nine state-of-the-art monopraphs have been
This paper "shook up" constituents of published on specific aspects of shock and
the Shock and Vibration Symnosia and vibration technology; 'Te Shuok and Vibration
set off a controversy over sinusoidal Digest" is published monthly; a direct infor-
and random vibration concepts that was ration service is provided to answer inouiries
to continue for many years. for technical information.

"A Novel High-and Low-Temperature (U) At this noint T would like to pay
Horizontal-Vibration Test Fixture" special tribute to the people who have admin-
presented in 1957 at the 25th Symposium istered the Shock and Vibration Centralizing
by W.O. Hansen. This paper introduced Activity/Information Center over the years:
the "slip table". Many variations since to Dr. Elias Ylein for his perserverence,

have been developed based on this first wisdom, and foresight in conceiving, estab-
published data. lishir, and nurturing his idea to a successful

status; to Dr. W.W. Mutch who with enthusiamn,
"A Method for Predicting Environmental dedication, and innovation caused the activity

Vibration Levels in Jet-Powered Vehicles" to grow to its present importance and stature;
presented in 1960 at the 2Rth Sympositw and to Dr. Robert Selsheim who recently had
by P.T. Mahaffey and K.W. Smith. This the courage to accept the challenge of leadirv
paper set forth a prediction technioue the Shock and Vibration Information Center to
that has been used widely and modified new levels of attainment and usefulness.
to fit other situations.

(U) A great deal of credit also goes
"Simulating Flight Fnvironment Shock on to the Shock and Vibration Information Center
an Electrodynamic Shaker" presented in Technical Staff, each of whom have established
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reputations for their individual contributions (U) In conclusion, it is this fine groip
in specific areas: Henry C. Pusey-Packa, ng of people who will be bringing about new
and Tansportation; Rudolph H. Volin-Vibration developments to assure continued growth,
and Test Equipment; and Edward H. Schell-- improvement, and increased efficiency of the
Shock and Fragility. We can be proud of the services performed by the Shock and Vibration
ccmpetence of each of these individuals and Information Center. I do not wish to steal
grateful for their dedication in providing their thunder by revealing plans for the futurp,
the outstanding service that so many have but we can all be assured that the tradition
come to rely on and perhaps too often to take of success and service that has been so firmly
for granted. established will be reaching new levels of

achievement as the third decade of service
continues to unfold.

TABLE I

Record of Papers Produced and Authors Participating in the Shock and Vibration Fsymposia

SYMPOSIUM NO. AUI'ORS NFT AU91HORS PAPFBS TRlF PFFIOD

I - 24 393 393 41P FIT DECADE
1947-57

25 - 36 1121 1070 789 SECOND DFCADF
1957-67

37 - 43 949 718 7411 THIRD HALF DECADE

i067-72

TOTALS 2463 2181 1945 OUARTEB

CMrTRY
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FORMM SHOCK

Donald E. Marlowe, Ph.D
Catholic University
Washington, D. C.

(U) When Dr. Belsheim invited me to speak Although I had elected Differential Fnuatiorm

to the 25th anniversary meeting of the Shock as an underpr. duate, my mathematical foundation
and Vibration Symposiun, he reminded me that needed extensive repair, and while this was
I had been one of the earliest contributors underway, I turned again to laboratory work,
to the Symposium, and that perhaps my memories largely as an assistant to Lawrence Maugh,
of those early days would be an amusing and whose modest research support in studies of
informative introduction to the anniversary, rigid frames enabled me to keeo the wolf fron
His instructions were "Tell it like it was." the door and simultaneously introduced me to
While preparing this paper, it seemed wise the reciprocal theorem. Fe also introduced
to cite even earlier experiences, as they too me to the terrors of experiments whose outout
illuminated the former state of theory and consists of small differences between large
experiment in the field of applied mechanics. numbers. These were the days when the prin-
Although it is somewhat dismaying to recognize cipal tools of strain measurement were the

that ny engineering studies have now extended travelling microscope, the Huggenburger and
for nearly forty years, I will plagiarize Ackerman strain gages and the Michelson inter-
Allen Toffler's famous book, and call this formeter.
paper "Former Shock".

(U) I owe to Jesse Ormondroyd the diver-

(U) I must confess that my early education sion of my interests to structural dynamics.
was as a Civil/Structural engineer, and at that He had just finished work on the Mount Palomar
time, moving load calculation was the epitome telescope (a very slow dynamics, indeed); my
of dynamic analysis. Iterative methods (the own mathematical background had been somewhat
Hardy Cross method) were just making their repaired, so I went into Jesse's courses on

appearances. Differential equations was an dynamics, vibrations and above all, analysis

elective subject in all engineering curricula, of transients. Feedback concepts had not
My own break with this educational tradition yet reached Ann Arbor.
began with my employment as a demonstration
assistant in a physics department. In this (U) The Michigan mechanics department
job I was guided by an excellent experimental was enthusiastic about research courses

physicist (Wn. Baker), and I learned much (probably because there were too few students

about the difficulties of good laboratory for many formally organized courses), so I
work, samething about the sources and plunged through a series of projects which

propagation of errors, and, above all, about gave me additional experience in photo-
that marvelous journal, Physics Abstracts. elasticity, mechanical strain measurement,

From the Abstracts, I learned something about physical optics, and error analysis. I also

photoelasticity, and did an undergraduate discovered the existence of electricity, a
thesis on "Photoelastic Analysis of a Gravity phenomena which my education had kept care-
Dam," using gelatin models. The stimulation fully hidden from me until that time. It's
provided by this little project was worth true that in reading about prior research
much more than the analysis itself. on gravity dan stresses (Physics Abstracts,

again), I had come across the Bureau of
(U) My new interest in mechanics inevi- Reclamation practice of buryir lengths of

tably drew me to Ann Arbor, as a graduate resistance wire in dams, as a way of measuring

student, where S. Timoshenko was the keeper concrete shrinkape; but since the page lengths
of the flame. (His biography is must reading were a foot, and I was mostly working with
for every worker in Mechanics). W I models, I had nuickly dismissed this as a
arrived, there were less than a dozen Mechanics useful strain gage.
majors, Timo had fled to Stanford, though he
did return to Michigan each summer, as did (U) But the Michigan laboratory had,
most of his first generation of students, shoved away in one corner, a Peter's Telemeter
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gage. No one had used it for years. After and I was nuickly at work under Shirley Ouimby
Ormondroyd suggested I try to make some dynamic (Mr.) (even though once listed in ko's Who In
strain measurements with it, I quickly learned American Women) on problems of resonance in
the cause of its neglect. The Telemeter was hydraulically loaded dlanhrapms (as usual,
a carbon pile gage, much like the old style Iamb had already set up the basic eouations).
telephone receiver, and, due to erratic packing One possible method of detecting diaphrapm
of the carbon resistance column, was a very movement was the resistance wire strain vare,
teTpermental beast. Even static measurements so most ofr m experimental effort went into
required working in the laboratory in the old detection circuitry. Unfortunately, such
South Engineering building from midnight to hydrophones were very sharply tuned, and thus
six a.m. (with nW new wife as research as- unsuitable for the broad noise sPectrur dis-
sistant), hours when all extraneous influences tributed by ship traffic. However, the strain
of temperature, vibration, etc. were minimized. page did offer a time dependent sirnal, with
Dynamic measurements were a real nightmare, the potential of great discrimination, so work
and not just because of the midnight hours we on it continued. I was asked to participate
were working. The Telemeter was my introduc- in development of underwater explosion pages,
tion to electrical measurements, and with it and in a few weeks was reasonably familiar
I learned to appreciate the inherent insta- with the vagaries of copper ball crusher gages,
bility of D.C. uiplifiers. However, the useful piezeoelectric gages and cable noise. This
gage length had shrunk from a foot to an inch, work brought me into a close relationship with
but unfortunately at the expense of a great Royal Weller, probably the most ingenious
increase in inertia. I also learned, under person with whom I have ever associated. Roy's
the tutelage of A.D. Moore, of Michipan's FE restless mind focused on the aerodynamic design
Department, how to restring a strig oscillo- of mines, and before I knew it, I was measurin
graph. Moore was truly amazed--I was the the aerodynamic coefficients of bombs and mines,
first student from Mechanics, to his knowledge, using (apain after midnight) the underwater
who had ever set foot in the FE Department, so facilities of the old Taylor Model Basin, as
he spent quite a bit of time with me, even wind-tunnel time had-become absolutely un-
letting me learn to use the department's new- available, due to the WWII "50,000 airplanes"
est acquisition-its first cathode ray oscillo- program. I learned a lot of fluid mechanics
graph, under conditions of preat urrency, saved only

by Goldstein's '"odern Develorments" which
(U) In the summer of 1939, Stan Filion had just appeared. I learned the hard way

from MIT spent the summer in Ann Arbor. He that most data on drag of streamlined bodies,
had been working with Ruge at MIT on a resist- published prior to 2935, was wrorv, due to
ance wire strain guage in which the wire was the so-called "horizontal buoyance" effect of
multiply folded, so that guage lengths of an early wind tunnels.
inch (with little inertia) seemed possible.
He had brought a roll of commercial nicrome (U) From aerodynamic coefficients to
wire with him, and as the department's leading underwater ballistics was a short step, indeed.
(and only) electrical expert, I spent that Nval aerial mines flew very badly, and the
summer learning to manufacture the prototypes shock of water impact was very damaginp to
of the modern gage. It didn't occur to us their delicate influence fuses. Several
to cement them to the specimen--we clamped ad hoc solutions, such as cushioning., only
the ends to the specimen (as in mechanical seemed to make matters worse, so we under-
strain gages), and then worried as to what took to try to reallv understand the water
precisely was the active length of the gage. entry phenomenon. My prior technical history
Under the direction of Maugh and Ormondroyd, had given me many of the tools to tackle the
I made many electrical strain measurements, problem. Underwater explosion pares, mechani-
both static and dynamic, over the next two cal and electrical; measurements In fluid
years, but the advent of World War II put an mechanics, dynamic analysis; familiarity with
end to this leisurely approach to research, vacuum tube technoloj; etc., all were useful

in the search. Our initial understandin of
(U) Ralph Bennett had activated his the shock problem on water impact was largely

reserve Navy commission in 1940, and had been based on observations of functioning (or non-
assigned to the Naval Ordnance Laboratory to functioning) of water Impact bomb fuses, and
direct work on naval influence mines, which no good data existed. NACA had done some
had appeared during the Battle of Britain. theoretical work on impact of airplane floats.
He asked his old friend, A.D. Moore, to help I came across a single photo of a British
him recruit an engineering team, and Moore, "Hedgehog" riding in its hydrodynamic cavity,
knowing my interest in instrumentation and and with my own bias towards model measure-
measurement, persuaded me to go to Washington ments, we quickly designed and built the first
for a year or two. (Thirty-two years later, water entry tank in the U.S. Dur photographic
I'm still in Washington.) equipment was an old Mitchell high speed (128

frames/sec.) movie camera, and only the advent
(U) At NOL we quickly identified all of of the Fastax camera made it possible to pet

the ship's influences which could possibly meaningful data. (Remember, the old problm
activate a mine (no other was ever discovered), of small differences between large numbers.)
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With this equipment we determined dynamic drag weapons.
coefficients, and we miniaturized copper ball
crusher gages for both field and model measure-. (U) This period also reintroduced me to
ments of peak shocks. We also learned much the subject of underwater explosion damage.
about the response of crusher gages to tran- Until this time, as an ordnance engineer, I
sient shocks, and developed the pre-loading had been interested in plate rupture; any
techniques which made these data meaningful. damage less than this seemed hardly worth
Simultaneously, we developed laboratory equip- while. The relatively small charres carried
ment for shock simulation; drop testers, air by some homing torpedoes made equipment damage
guns and standard input testers which could from explosions an important topic, and we
be correlated with field tests and greatly soon became aware of the extensive work in
speed up laboratory tests of delicate instru- this area by grouns at NRL and YThM.

ments. Two developments ;eem to have been
particularly sophisticated; the use of yield- kL) It should be noted that, prior to
ing metal as an energy absorber, and the use 1947, practically all of our technical infor-
of the 54 foot tides in Nova Scotia to simplify mation on ordnance shock was obtained either
recovery, from underwater, of field tested by field testing (which depended on the re-
ordnance. covery of ordnance, and was usually gm--no go

testing), or by use of internal recorders

(U) Even with better understanding of (which were themselves subject to shock).
shock patterns, the inherent delicacy of The securing and analysis of shock data was
influence mechanisms required us to resort a slow and tedious process, with many unpro-
to parachutes, but there was an insistent ductive experiments. Almost as much develop-
service demand for a free fall mine, at water ent effort went into recovery devices and
entry speeds in excess of 1000 ft/sec. This internal recorders as into the ordnance itself.

led to a careful restudy of the initial shock The first telemetered shock record I ever saw
wave occurring at water entry, as well as the was in 1947, when a single channel of infor-
more sustained "drag" shock, and also required mation was radioed from an impacting bomb
sophisticated changes to the laboratory simu- which trailed a small transmitter at the end
lation devices. Many members of the S & V of a cable. Wn. Pabst and M. Schuyler kept
Symposium--L. Fisher, j. Armstrong, R. Ayres, us conscious of the vital importance of rood
J. New and many others--pushed this research statistical design of experiments (a service
forward. An XHAM was, in fact, successfully which often had to be thrust upon us). I
developed, but with some limitations. Recent recall that, in May of 1047, 1 reported to
military actions in Southeast Asia awakened this S & V Symposium on our intention to
many memories for me. measure accelerations in projectiles, by

radiating information f.rom an antenna in the
(U) The failure of torpedo exploders to nose of the projectile.

fire upon impact, or of influence exploders
to fire on transit, led to urgent assignments (U) My recollection may be faulty, but
in that area of ordnance, and the members of I believe the first S & V Symposia were
the team which had been engaged in mine war- intended to draw together those persons
fare tackled these new, but similar, problems interested in equiprent damag.e ftom under-
of torpedoes. For myself, it was miy first water shock, and that Dr. Klein and his as-
introduction to feedback control theory, and sociates may have felt that they had opened
my experience in measuring aerodynamic co- Pandora's Box when respondents flocked in
efficients stood me in good stead. We were from all parts of DOD, with their peculiar
still only reluctant electronikers-I problems of water impact, projectile firings,
remember carrying a card proclaiming me a railroad car bumpings, lusvage handling, etc.
member of the "Comittee for Electronics Truly, there was no physical phenomenon more
without Vacuum Tubes", little realizing common to all types of military hardware than
the prophetic content of that name. Problem shock and vibration. Our grou' worked very
associated with the water entry of aircraft hard in the immediate post-war years develop-
launched torpedoes quickly brought us in ing the concept of envirormental simulation,
touch with the Division 6-CSRD group at Cal beginning with shock and vibration simulation,
Tech., who had experience with many of the and consolidating with it much of the rather
shock phenomena which we had regarded as random temperature, humidity, etc., testing
our private property-we had many fruitful which we had always carried on. We were
exchanges, and I have the fondest memories fortunate, at that time, to be able to design
of that period of collaboration with F. Lind- the excellent simulation laboratory in the
vail, L. Slichter, D. Hudson, H. Wayland, new Whiteoak establishment.
R. Knapp and many others. Morris Dem, the
torpedo launching setup, was, in fact, the (U) I believe that many of you are aware
genesis of our own Hiwassee Dam launching of my interest in the history of technolorv.
rig for anti-submarine weapons. Torpedo In its origin in the Renaissance, the history
studies, of course, led us into target of technology was identical with the history
impact studies, a branch of shock measure- of mechanics. Our philosophical ancestors
ment not present in many other undersea were Galileo, Toricelli, and Leonardo. While
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fully recognizing the sharp discontinuity in
technological history caused by the advent
of Electronics, it seems accurate to state
that no field has been more influential in
providing the underpinnings of modern civi-
lization than that of Mechanics. I was for-
tunate to have practiced much of my active
engineering career during one period of great
engineering advances, both in theory and
experiment. As today's engineers attempt
even more difficult advances, particularly
in these days when mankind must seek a new
level of accommodation with nature, I pre-
dict that our historical concerns with shock,
vibration, reliability, damage, stress and
strain, and all the rest, will continue to
provide the insights which will make possible
a better and safer world in which to live.
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THE ARMY'S BIG FIVE AND RDTE PROGRAM THRUSTS

Major General John R. Guthrie

Deputy Commanding General for Material Acquisition
US Army Material Command

Washington, D.C.

INTRODUCTION much careful deliberation involving assess-
ments of the threat, the state-of-the-art, and

I am honored to have been selected to the prospective fiscal climate there emerged
represent the Department of the Army as your what was known as the "Big Eight" which has
keynote speaker for this year's Shock and now been reduced to the "Big Fie" which are
Vibration Symposium. I am doubly honored to as follows.
have been selected to address this meeting
which marks the 25th Anniversary of the Shock 1. Main Battle Tank (MBT)
and Vibration Information Center. I offer the 2. Advanced Attack Helicopter
Army's congratulations on your well known 3. Utility Helicopter (UTTAS)
success in these fields of endeavor and thank 4. Mechanized Infantry Combat Vehicle
you for your outstanding support to the United (MICV)
States Army. The interest of the Department 5. SAM-D Air Defense Missile System
of the Army in Shock and Vibration studies
and research is indicated by the funding Main Battle Tank (MBT) (Figure 1)
support we provide to the Shock and Vibration
Information Center and the four technical The former Main Battle Tank XM803 was
consultants we have assigned to assist the terminated by Congress, primarily because it
Chief of the Center, Dr. Belsheim and his staff, was going to cost in excess of $1 million per

copy. Instead, $20 million were allocated to
At your annual symposium in 1971 your host build two new prototype tanks. In other words,

was the Navy and the keynote speaker, Admiral we were to start over and come up with a less
Mason, spoke on "Ships of the Future." I expensive tank.

believe it is appropriate, therefore, that I
address you on the subjects of "The Army's As a result, the Army revised its future

Big Five and RDTE Program Thrusts." Since I tank requirements and has prepared a new devel-

am responsible within AMC for material acqui- opment program. We are now seeking approval

sition this is a subject of daily concern to me from OSD to issue a Request for Proposal (RFP)

and one that I hope you will find interesting, to industry with the objective of contracting
for the Validation Phase of our development

A couple of years age - during the prep- program before the end of fiscal year 1973.
aration of the Fiscal 1971 budget - the Army We intend to select two contractors, each of
staff became concerned with ordering its hard- which will build one prototype and some test

ware priorities. The Army, like any large rigs during the competitive validation phase.

establishment, has always had a variety of The Army will then select a winner from these

priority systems - to identify the relative two for continued engineering development and

importance of its R&D tasks, to use in main- limited production.
taining goals or to meet distribution require-
ments. But in the summer of 1969, looking The name of the game is to go low-risk,
forward to the possible lean postwar years but there are several danger areas. The

ahead, it became apparent to those in the Army schedule is seven years from start to limited

staff concerned with budgeting and programming production if we go the competitive route.
that a determination had to be made of those There is no room for lost time, for strikes or
hardware items or categories which were most other slippages. As the song of the 1930's
essential to our combat forces if they were put it - "There may be trouble ahead, but let's

to be competitive in the next 10 to 15 years. face the music and dance." I am sure you are
The principle here was to build a fence around all familiar with the shock and vibration

the items once they were select#R to protect problems of combat vehicles. The effect of

them in each annual budget exercise. After travel over rough terrain and the shock from
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Fig. I Main Battle Tank (Conceptional).

Fig. 2 -Advance Attack Helicopter.
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firing the main armament is felt by all sub- There is hope that additional funding will be

systems, ii. particular the communications, provided in next years budget.
ranging, fire control and night vision systems.

If ever there was an area that needs
Specially designed helmets are required to support from shock, vibration and acoustic

protect the occupant and to permit communica- experts these helicopters qualify. The UTTAS
tion in the environment of noise and vibration, and the new attack helicopter will both employ

The noise level inside a tank during combat the latest design techniques to reduce the
operations requires special design of protec- adverse noise and vibration effects. Redesign
tive equipment to make it bearable for the crew. of rotor blades will greatly reduce noise. A

significant breakthrough in this area is the use
Advance Attack Helicopter (Figure 2) of swept tips on the blades to better control

the shock wave pattern. Both of these aircraft
An ancient proverb says trouble arrives are expected to be relatively silent when

on wings and leaves on foot. The originator of compared to the present COBRA, HUEY, or CHINOOK.
that must have had the Army's Advanced Attack The number of rotor blades employed has also
Helicopter program in mind. been found to be a significant factor in vibra-

tion problems. Four rotor blades appear to be

For some time, the Army has stated that better than two primarily because this raises
one of its top priority development programs is the passing frequency (the frequency at which
a new attack helicopter and until very recently, each blade passes over the fuselage). The low
this was the CHEYENNE. The Army cancelled that frequency passes of the 2-bladed rotor excite

program in August, after determining (1) the similar frequencies in the aircraft structure
cost of the bird was going to be so high that and these are more difficult for the crew to
either Congress wouldn't let us produce it or withstand than higher frequencies. It is
we couldn't buy enough of the aircraft to fill important that the rotor and the aircraft
out the requirements; (2) the appearance of two structure be detuned to arrive at vibrations
possibly lower cost alternative aircraft; (3) in a frequency range that the crew and the

a revision in the aircraft requirement based on aircraft can best endure. This will be a
experience, studies, and computer simulation, critical design factor in all new helicopters.
These studies indicate that all three aircraft

tested: The CHEYENNE, the Sikorsky Black Hawk, Mechanized Infantry Combat Vehicle (MICV)
and the Bell KING COBRA, did not meet our latest (Figure 4
requirements, and product improvement for each
one would be uneconomical. A new program was We are preparing to enter engineering

determined to be necessary and Congress has development of a successor to the M113 Ar-
approved minimal funding for this program. mored Personnel Carrier. It is called the

MICV - for Mechanized Infantry Combat Vehicle.

Utility Helicopter (UTTAS) (Figure 3)
It is a new type vehicle to the US Army,

The good old Hueys, the workhorse heli- and results from the Infantry's decision in
copter of Vietnam, are just that, good but 1963 to change its doctrine to al.w commanders
rapidly getting old. They were developed with the option to fight from within their personnel
technology of the late 1950s and early 60s, carriers.
and the state of the art in helicopters has
advanced considerably since then. By the 1980s Studies showed that upgrading or product
they will be basically 20-year old technology, improving the M113 could not provide a key
Therefore, we have started development on its essential, sufficient mobility, to allow the
replacement for the 1980 timeframe. The pro- carrier to accompany the future Main Battle

gram is currently called UTTAS (Utility Tact- Tank across country. The technique to achieve
ical Transport Aircraft System). this will probably be a tube over bar suspension

system that permits greater torsion and greater

We completed an engine competition for the wheel travel than conventional systems. It is
UTTAS in December 1971, with the award going to a proven component.
General Electric. This past August we awarded
competitive prototype airframe contracts to We have received authority (and we believe
Boeing Vertol and Sikorsky. The contracts call the necessary funds in the FY73 appropriation)
for each company to provide three flyable air- to begin building the first prototype vehicles
craft, with an Army option to raise the number early next calendar year. A special board

to 5 or 6. The current schedule provides for evaluated bids from the three potential

the prototype evaluation by September 1976, contractors: FMC, Chrysler, and Pacific Car

and a limited production contract award to the and Foundry. The contract was awarded to FMC.

winner in April 1977. A single contractor was selected rather than
several competitive contractors since the

But here, too, there is a problem area. components to be used on MICV, with the excep-
The Army wanted six flyable aircraft of each tion of the gun, are already proven components.
contractor, to obtain maximum data in a given
period of time. The Senate Armed Services The gun is to be the BUSHMASTER - a new
Committee Report restricted us to three each. stabilized automatic weapon now undergoing a
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Fig. t litY H-elicopter (UTI'AS).

Fig. 4 -Mechanized Infantr.N Combat Vehicle (A'.ICV).

IIs

FRE CONTROL
0RO0 COMPONENTS

Fig. 5 -Air De fense Mivssile %-,stem (SAAM-f).

16



competitive development effort by several The question of SAM-D survivability has

contractors. It will be in the caliber range been raised relative to it, single multifunction

of 20-30mm and considerably more effective and phased array radar. The SAM-D radar performs

more armor penetrating than current guns. the functions now requiring ten radars in the

HERCULES and HAJK systems. The HERCULES and

The shock and vibration problems of the HAWK systems, with several rapidly rotating

MICV are similar to the Main Battle Tank and radar antennas, and the closeness of missile

there will be unique problems associated with launchers to the radars, results in a very

the 20-30mm automatic weapons. Combat vehicles distinct signature on the battlefield. The

in general have been described by some as having SAM-D radar antenna does not rotate and can be

a built-in self-destruct capability. This is a easily camouflaged. Its launchers can be

very apt description. Wherever a threaded located at a much further distance thus re-

fastener is used on these vehicles - be they on ducing its signature as a SAM site and making

wheeled or to a certain extent tracked vehi- it more difficult to be detected, thereby re-

cles - there is an almost certainty that over ducing its vulnerability. Its mobility permits

a period of time they will work loose. This frequent redeployment which reduces its being

problem can be attacked in two ways. One is to targeted.

design the springs and tires so that the vibra-

tion body is damped and the energy absorbed at RDTE Program Thrust Areas

these points. The other is to use self-locking

threaded fasteners, or those with fine threads, In addition to these specific hardware

which are expensive solutions and which compli- development programs the Commander of AMC has,

cates the maintenance function. The XM746, in coordination with the Commodity Commands,

Heavy Equipment Transporter is a good example. reviewed all of our on-going research and

Much design effort and testing has been devoted development programs to determine those areas

to improving the springs, tires and shock ab- where the greatest possibility for break-

sorbers to dampen the vibration and absorb road throughs exist and those that are most urgently

shock energy. Fasteners have been working loose needed to meet future threats. These have been

in the axle cover plates, axle carriers, wheel identified as RDTE program thrusts or major

lugs, door striker - you name it - and there thrusts. It is our intent to provide our high-

has been a problem. On our M60 series tanks est priority and fullest funding in these

there has been trouble with both welded and specific areas.

bolted brackets and locks for the driver hatch.

A great deal of assistance is still needed in These thrusts fall into seven major cate-

these areas for the design of future vehicles gories, as follows:

and the improvement of current ones. 1. Munitions

2. Weapons

Air Defense Missile System (SAM-D) (Figure 5) 3. Electronics and Communications

4. Missiles
SAM-D is the Army's advanced surface-to- 5. Air Mobility

air missile system being developed to provide 6. Tanks and Automotive

air defense for the Field Army in the 1980s., 7. Mobility Equipment

It will replace both the Hercules and Hawk
systems and it could also be used to complement This breakout follows the functional

the defense in CONUS. organization of our Commodity Commands as you

would expect. Let me discuss then briefly the
SAM-D evolved from studies dating back to areas we intend to emphasize and exploit within

1960. The program was officially renamed each of these categories.
SAM-D in October 1964. Advanced development

began in 1967 and lasted for 4 years. We are Munitions

presently in the engineering development phase.
SAM-D will have increased fire power through In munitions a prime concern is improved

its multiple target engagement capability. The anti-tank munitions. As the ability to penetrate

NIKE HERCULES and Improved HAWK fire units have armor has improved so has the penetration resis-

the capability of engaging only one target at tance of the armored vehicles. New techniques

a time, whereas a SAM-D fire unit is capable of are being developed constantly to improve armor
engaging many targets simultaneously. SAM-D plate and to defeat the shaped charge. Looking

will be mobile, have short reaction time, be ahead to the future we must assume that these
highly effective in an ECM environment, and be protective capabilities will increase and anti-
able to survive on the future battlefield. The tank munitions must keep pace. A second area

system will be complemented by improved short of concern is the need for improved warning and
range air defense systems, such as STINGER protective devices against chemical and biolog-

(REDEYE II) and VULCAN/CHAPARRAL, to provide ical agents. A third area is the requirement

overall air defense of a theater of operations. for mass scatterable mines. In the environment

Advanced automation and improved reliability of future battlefields featuring highly mobile

and maintainability techniques will result in ground forces it is necessary that mine fields

lower personnel requirements and operating costs be laid in a hurry.

compared to the HERCULES and HAWK systems which

it will replace.
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Weapons Program Management

In the field of weapons several specific All of you have no doubt heard some of the

future requirements exist that deserve high complaints that were hurled against the Defense
priority. The first is the need for an Department's Materiel Acquisition System - in-
improved infantry anti-tank weapon and the volving such things as cost overruns, delays,

second is the need for a low altitude air de- failure of systems to perform, etc. Whether

fense gun. or not any or all of these were justified is

after the fact. The name of the game of the

Emphasis in artillery is upon soft recoil past 18 months has been "change the system".
to reduce the shock of firing. Another area of Well, there are certain things that can be

special emphasis is upon aircraft weaponization changed and certain things that cannot.

and this field has many shock and vibration Pregnancy takes nine months, no matter how

factors to consider, many men you put on the job. So it is with

the acquisition process that extends from
Electronics and Communications concept formulation till its death. Our recent

management changes are designed to give major

Electronics and Communications will focus programs a gestation period of about six years.
upon more secure communications, weapons de- Whether it is a practical goal in all cases

tection and location, and night vision. Night remains to be seen but it is an objective that

vision systems encounter severe shock and vib- we will certainly attempt to meet.
ration problems when mounted upon crew served

weapons, combat vehicles and helicopters. It is difficult to think of any significant

military system within the Army that does not

Missiles require serious consideration of shock, vibra-

tion and/or noise factors. Your organization

In the missile area, development is urgent- serves as the focal point and scientific
ly needed in the fields of terminal homing, information center for the services in these

high energy lasers and free rockets. Equipment critical areas and your assistance in the
and subsystems associated with missiles must future is as necessary as it has been in the

endure severe shock and sometimes vibration past if we are to field effective military

environments, hardware.

Air Mobility This then is a summary of our major hard-

ware programs and RDTE thrusts and an insight
The field of air mobility is also singled into the management changes being made. It

',ut for special attention. Our aircraft must has been a pleasure to address you and I wish

" safer and be more survivable on the battle- you success in your symposium and another 25
rield. Improvements are needed in the prop- years of outstanding service and support to

ulsion systems to increase the power to weight the Department of Defense.

ratio and decrease fuel consumption. This

relates also to the rotors and other systems

which must be improved. Overall, the maintain-
ability and reliability of aircraft must be

improved and careful consideration must be

given to the fatigue factors introduced by

shock and vibration.

Tanks and Automotive

Our tank and automotive system must also
be improved: We need improved armor protection

and a reduction in the signatures of our equip-

ment whether it be the optical, radiation or
acoustic signature. Their propulsion problems

are similar to those of aircraft reduced

weight, increased power, longer range and, in

today's environment, reduced pollution.

Mobility Equipment

Here there are three more areas being

emphasized. These are camouflage, improved

electric power generation, and mine detection

and neutralization. Your attention is invited

to electric power generators. Those using

gasoline or diesel drive sources are particu-

larly susceptible to adverse shock and vibra-

tion factors.
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SUBMARINE SHOCK TESTING

UNDERWATER EXPLOSION TESTS WITH THE SWEDISH FULL-SCi.LE TELT

SECTION 'STILMGGAN'. PART I: TEST SECTION WITH OBJECTS AND

MEASURING POINTS, ARRANGEMENTS AND DIME1JSIONAL MFASUxUL4ENTS

Herbert Nilsson
Kockums Mekaniska Verkstads AB

Naval Department
Malmd, Sweden

The Royal Swedish Navy carried out underwater explosion tests
against the full-scale test section 'St&lmyggan' during Spring
1972.

The tests were performed in order to obtain:-

Basic data for design shock spectra for submarine equipment,
with regard to item weights, internal or external mounting
etc.

Pressure wave distribution in tanks and internal piping.

Effects on hull welds from built-in imperfections.

Permanent deformations of the hull.

The test section, 8 m in length and 6 m in diameter with ballast
tanks fore and aft, was designed to resemble the mid-section of a
submarine.

The test section was fitted out with measuring gear for various
shock parameters and also with various test objects.

BACKGROUND In order to obtain improved grounds
for these standards it was decided in 1970

Previous Swedish Standards regarding to carry out a further set of explosion
the shock resistance of submarines were tests.
based on assigning each part of the sub-
marine to a specific shock class, and each In addition to measuring various shock
shock class being allocated fixed design parameters, materials and structures in-
values known as Shock Numbers. tended for the next type of R.Sw.N. sub-

marines, should be shock tested.

From the mid-sixties a number of ex-
plosion tests against submarines and sec- In order to gain experiences froi wid-
tions of submarines have been carried out ing a new type of steel intended for Rub-
in Sveden, where shock parameters have marines, a scale 1:1 section of a v':V rine
been measured electronically, mostly by was constructed. This was subsequen-y
means of piezo-resistive accelerometers, used for the explosion tests and was hence

fitted out with test objects and measuring
The results from these experiments gear.

have been used for establishing new shock
standards based on shock spectrum theories. The test section was christened 'StAl-
Based on these studies each shock class myggan' ('Mighty Mosquito').
has been allocated a specific design shock
spectrum. The tests were carried out in April and

May 1972 by the R.Sw.N.
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Fig. 1 -'StAlmyggan' being launched.

14ANAGE1NT The explosion tests were supervised by
the Rl.Sw.N. in cooperation with Kockums Me-

The R.Sw.N. appointed Kockuns Mekaniska kaniska Verkstads AB (KI4v), Ft~rsvarets Tele-
Verketads AB (Kookums' Engineering Works Co. tekniska Laboratorium (Military Electronics
Ltd.) in Malm8 to design and construct the Laboratory) (FTL), Stockholm, and Akustik-
'St~lmyggan'. byrln AB (AXB) (Noise, Vibration and Shock

Consultants), Stockholm.

COSTS
Sw. Kr. us

Hull section including development of manufacturing 1,100,000.- 245,000.-
methods

Additional work and outfit for converting the bull
section to a test section 980,000.- 210,000.-

Development of measuring methods and subsequent
measurements 170,000.- 40,000.-

Blasting tests and analysis (including equipment
and personnel) 365,000.- 80,000.-

Total approx. 2,600,000.- 575,000.-
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GOALS Design Methods

When planning the explosion tests Confirmation of calculation methods
against the 'StAlmyggan' the following re- for shook resistance design.
suits were aimed at:-

RESULTS
General

Available results from acceleration
Shocks corresponding to the require- measurements are discussed in Part III of

ments for Swedish submarines should be this Report. However, certain results
attained. mainly concerning the hull structure are

discussed in Part I below.

Measuring Methods
ARRAENGD ENT OF TEST AREA

Further development of methods 
for cal-

culating shock spectra from shock accele- Test Area
ration measurements.

A protected place in the Swedish
Development of methods for measuring archipelago was chosen as test area.

shock accelerations and fast strain rates.

Preparations
Shocks

The 'St~lmyggan' was secured between
Obtaining basic data for design shock buoys as shown in Figure 2.

spectra for submarine equipment with regard
to item weights, internal or external mount- The 'StAlmyggan' was controlled by
ing etc. means of filling and draining the external

ballast tanks using compressed air from a
Confirmation of assumed shock class sub- shore supply.

divisions.

Buoyancy
Pressure

The amount of water in the internal
Investigations of hydrodynamic shock ballast tanks was adjusted to produce a

pressure propagation in tanks and internal buoyancy of approx. 1.5 tons with the ex-
piping. ternal tanks filled.

Determination of design pressures for An external ballast weight of approx.
externally mounted items. 2 tons was suspended underneath the 'StAl-

myggan'. On filling the external tanks the
'StAlmyggan' sank until the external bal-

Hull last weight touched the bottom. The diving
depth of the 'St~lmyggan' could hence be

Investigation of the shock resistance set by simply adjusting the lengths of the
of various hull designs, wire ropes carrying the external ballast.

Confirmation of the suitability of a
new steel quality for submarine hulls. Explosion Distances

Investigation of built-in hull defects. The charges were suspended from buoys
and the distance to the 'StAlmyggan' was
set by tying the charges to the 'StAl-

Parts and Components myggan' mooring wire ropes.

Determination of shock deformations of
the hull and of displacements of shock Transfer of Signals
isolated parts and items.

Signals from the various sensors were
Explosion testing of various system taken from the 'Stilmyggan' to a shore-

components for submarines, based measuring centre by means of cables
suspended above water between buoys.
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STALMYGGAN
"MIGHTY MOSQUITO"

Securing and Mooring Arrangements

000

L nom 160m M W 100m

4

Measuring Centre

Fig. 2 - Mooring Plan.

EXPLOSION SCHEDULE Ballast tanks are fitted fore and aft,
with openings to the sea as well as con-

Twentyone charges, each consisting of nections for compressed air controlling
100 kgs'Hexotonal', were detonated around the 'Stdlmyggan'.
and above the 'St&lmyggan', see Figure 3.

Inside the 'St&lmyggan' there are in-
'Hexotonal' is developed from TNT and ternal ballast tanks which, however, have

produces a pressure wave impulse which is no connection with the sea. The tank top
approx. 30 percent higher than that of TNT. forms the platform.

The explosion distances were chosen to The construction of the 'St&lmyggan'
obtain a severity corresponding to the and its main dimensions are shown in
requirements for R.Sw.N. submarines. Figure 5. Its total weight was 120 tons.

HULL TEST SECTION Steel

General The 'Stilmyggan' is built of a carbon-
manganese steel, grain-refined with vanadi-

The hull test section 'St&lmyggan' was um and niobium. The yield point is approx.
designed to resemble the mid-section of a 430 4/mm 2 .
modern Swedish submarine. The section was
built to enable production methods for a Thi steel quality will be used for the
new submarine steel to be tested and for next type of R.Sw.N. submarines.
carrying out full scale explosion test
against it. The steel analysis is as follows (inpercent):z-

Hence there are included frames, bulk- C 0.20 V 0.10
heads, shear plates, external keel, casing, Mn 1.60 P 0.030
access hatch, torpedo tube parts etc. See Si 1.45 S 0.030
Figure 4. Nb 0.035 N 0.020

22



The steel quality has been developed Remaining Welding Faults
from a Swedish pressure vessel steel and
has up to now not been used for submarines. Certain cracks and slag enclosures have

been left on purpose in bulkhead and hull
plating joints. See Figure 8.

Such defects were measured by means of

ultrasonic and X-ray methods prior to the
explosion tests. During end after the

7 8 13 12 9 6 tests checks were made to study if the de-
S fects had changed, for instance if the7 7 7 L 7 v v cracks had grown or if new cracks had ori-

2 ginated from the enclosed slag.

General Results

The tests show that a submarine hull
made of this steel shows no tendencies of
deterioration when subjected to severe ex-
plosions even if the defects are compara-

. ~ 1tively large. For instance cracks 0.3 h -
0.5 h in length and 0.1 h in depth, where

10 -h is the plating thickness, remained con-
4 -- stant. This also applies to slag in-

clusions with the length 3 h and the depth
17 0.5 h.

Y ;l One interesting result was also that an
o7 a 1 12 9 6 Ki ordinary fillet weld between frames and hull
+ - 4'- proved completely satisfactory.

The construction and testing of Swedish
b 2D submarines could apparently be simplified

. .. 25 and less expensive than previously.

15,1. 15,2 R.Sw.N. Acceptance Standard for sub-

11 marines will be modified accordingly.

1.2. 2.2 TEST OBJECTS

The 'StAlmyggan' was fitted with a
Fig. 3 - Explosion Schedule. number of test objects, intended for

R.Sw.N. submarines, see Figure 9.

Design Principles It has not been possible to calculate
the shock resistance of certain items and

A number of designs have been tested the tests should confirm that these items
with the 'StAlmyggan'; primarily in order to were sufficiently shock resistant.
establish that also simple and inexpensive
constructions will provide a hull of Other items have been designed to comp-
sufficient strength. ly with existing standards and the tests

should confirm the validity of the design
Hence different bulkhead thicknesses, methods. With regard to this, only small

different stiffening methods, different safety factors had been employed.
stiffener connections, different placing
of shear plates and so on have been used. A number of shock parameters were

measured on and around the objects, see
For joining hull plating and frames MEASURING POINTS.

both manual welding and machine welding
have been used. See Figure 6.

DIMENSIONAL MEASUREMENTS
The weld joints between frame webs and

hull plating have been carried out with Goals
varying degrees of penetration, i.e. from
a double bevel groove with full penetration As the design of the 'StAlmyggan' close-
to a normal fillet weld. See Figure 7. ly resembles a modern R.Sw.N. submarine,

23



Accesa Retch Frames Ballast Tank

Torpedo Tube

Shear plate

-Torpedo Tube

Keel
Bulkhead Rtjnforcenicnt

Fig. 4 - St~lmyggan'.
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Fig. 5 -'StAlmyggan'. Main Dimensions.
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SlagUne

Fig. 6 - Machine Welding. Fig. 8 - Weld Defects in Hull.

Fillet weld Double-bevel groove Double bevel groove
Not full penetration Full penetration

Fig. 7 - Weld between Web and Plating.

Shaft Stuffing Box
Compressed Air Bottle \ Access Hatch

VHF Mast -- _ EhutTe

Dummy Periscope 
Exhaust Tube

Antenna Tuning Unit egtHydraulic Ram Wegt SeatingBow Doo WegtSetn

\ -

Tube Connection
and Tube Clamping

Torpedu Tubes Cable Penetrator
ooling Water System

Water Inlet Valve
nte r n al B Itt & O T a k \ L ev e l S n o

KBlas Tube for Pressure Wave Measurement

\lnstrument Mounting Plate

Heat Exchanger

Fig. 9- 'St&lmyggan' with Test Objects.
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permanent deformations of hull and certain
objects were measured, such as access hatch -

and torpedo tubes.

Displacement of shock isolated items . .
was measured by means of soft plastic
cones ('Alstiok').

Measuring Areas
Chord Insrument for

The hull plating was measured with re- Oi--Rou esiMeamurement
gard to buckling and out-of-roundness bet-
ween frames.

The frames were measured with regard to Fig. 11 - Chord Instrument for Out-of-
out-of-roundness and warping. Roundness Measurement.

The bulkheads were measured between
stiffeners and shear plates. Ruler

Torpedo tubes, access hatch, exhaust Torpedo tubes and access hatch were
tubes and hatch covers were measured with measured by means of rulers fitted with
regard to shock deformations, dial indicators.

Measuring Methods Accuracies

Wires Accuracies for the different methods
are as follows:-

Hull plating, bulkheads and frames were
measured between a number (30-50) of fixed Wires plus or minus 1 mm
points by means of inside calipers. A Chord Instrument " " " 0.1
system of nylon wires stretched internally Rulers 0.3
were used as reference levels. See Figure
10.

General Results

Dimensional measurements on bulkheads
and hull plating show how the amount of
deformation depends on the distance to the
explosion.

The hull plating deformation pattern is
related to the distance to a bulkhead, to
the presence of heavy masses in the plating
such as pads and to circumferential welds.

Pad

-., . ] ,7 7//

ic1umf-rent I
Meld

Fig. 10 - Hull Plating Measuring Points. 1 ..7 h' -]

Chord Instrument
Fig. 12 - Examples of Plastic Deformations

Additionally for measuring the hull as measured during Blasting Tests against
plating a wheel-mounted chord instrument 'Stdlmyggan'. N.B. Original dimensions
was used. This was moved along the hull and deformations are not referred to the
plating (externally) and the variations in same scale.
height of arch were measured.
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The deformation of air-filled tubes (ii) Determining stresses in certain
depends on the tube dimensions, parts of the hull subjected to

pressure waves;

MEASURED SHOCK PARAMETERS (iii) Investigation of local stresses
around built-in hull defects.

General

The following shock parameters were re- Results
corded during the tests:-

The results presented in Part III are

(i) Shock accelerations in different based on the above measurements.
directions at 19 points dispersed
between hull and test objects,
internally and externally; ACCELERATION MEASURING POINTS

(ii) Hydrodynamic shock pressures at The measuring directions were defined
12 points situated on the hull by a coordinate system, see Figure 13.
plating, outside the hull and in
piping;

(iii) Elongation at 19 points inside the
hull plating and in piping.

Goals cX-oy s

Acceleration measurements were intended

for: -

(i) Determining shock spectra for various ec o
component positions;- 

Snitt AA
(ii) Investigation of the influence of A

heavy masses on shock spectra;

(iii) Investigation of the influence from Fig. 13 - Measuring Coordinates.
the pressure wave acting on external
bulkheads;

In hull areas having light mass loadinz
(iv) Investigation of circumferential measurements were made according to the

oscillations in the hull; table below:- (See Figure 14.)

(v) Determining the rigid body movement. No. Test Object Measuring
Directions

Pressure measurements were intended
for:- Al VHF mast, top x, y, z

(i) Determining the total pressure im- A2 Ditto, mounting point x, y, 2
pulse at certain points; A3 Dummy periscope, top x, y, z

(ii) Determining the pressure wave ampli- A4 Bulkhead of water-filled x

tude and duration versus distance tank

to detonation; A5
A6 Frames y, z

(iii) Determining the pressure wave ampli- A7
tude and duration and its propa- A8 Circular torpedo tube x, yo z
gation properties in tube systems;

A9 Circular torpedo tube z

(iv) Checking the uniformity of the de- Al Bulad y, z

tonating charges.

Elongation measurements were intended
for:-

(i) Determining the plastic and elastic
elongation versus time in certain
places on the hull and in tube
systems;
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Fig. 14 - Location of some Measuring Points.
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In hull areas having h ssloading Ballast Tank
measurements were made as follows:- See
Figure 14.) The shock pressure was measured at

measuring point P12. The sensor was fitted
No. Test Object Measuring at various distances from bulkhead No. 10.

Directions

All Seating base on plating x, y, z Outside the Hull Plating

A12 Seating for shock x, y, z Pressure measurements were made at one
isolated item measuring point (P8) located between the

A13 Shock isolated item x, y, z hull and the explosion charge and at
another measuring point (P9) close to the

A14 Bulkhead pad x, yt z hull.
A15 Hull plating pad x, y, z

A16 Frame adjacent to seat- x, y, z Results

ing

A17 Seating welded to hull x, y, z Pipe Systems
plating

Where the pressure wave had passed
A18 Frame adjacent to mass yo z through rubber hoses and pipe bends
A19 loaded seating pressure pulses with comparatively high

peak pressure were measured. Elongation
measurements in these places also showedThe St~lyggn' rgid odymoveentthat these pulses deformed the piping

should be determined by means of the re- plastically.

sults from the following acceleration

measuring points:-
Ballast Tank

Movement along the x-axis from A8
10y " AO Pressure measurements in the ballast

z- " A10 tank showed that on passing a bulkhead
surrounded by water the peak pressure of

Rotation around the x-axis from A5 + A6 the pulse was redaced and its duration in-
" " " y- " " A10 + A4 creased. Thus the bulkhead showed not to

" " - "  
" A1O + A4 be completely transparent to the pressure

wave.

PRESSURE MEASUREMENTS
Outside Pressure Hull

Hydrodynamic shock pressures were
measured at 12 measuring points, in inter- Results from measurements of external
nal pipe systems connected to the sea, in pressures are used in Part III.
a ballast tank and in external points.

ELONGATION MEASUREMENTS
Pipe Systems

Pipe Systems

Figure 15 shows the measuring points in
one of the internal pipe systems of the Strain gauges were fitted in pipe bends
'StAlmyggan'. and in straight pipe pieces. Elongations

due to the pressure wave were recorded,
_ _P7 see Figure 15, as described above.

V keJ Valve

* Hull

Strain gauges were fitted on faultless
plo S202 hull parts as well as in places where
M * various welding defects had been built-in

S23 S22 or left untouched. See Figure 16.

_ ;6 Strain versus time was recorded as
Heat Eh IIer Pwas remaining elongation after blasting,
Heat Exchanger Pi.eo dynamic measurements and static

Fig. 15 - Location of Pressure Sensors and measurements respectively.

Strain Gauges in Pipe Systems.
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Fig. 16 - Strain Gauge Location of an
Imperfectly Penetrating Weld.

Resul te

Strain rate hardening was found to be
fairly common and stress levels up to the
order of twice the static yield strength
were measured in points where no local
plastic deformation could be detected.

NOTE: Discussion on this paper follows paper
by Mr. Spang.
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UNDERWATER EXPLOSION TESTS WITH THE SWEDISH FULL-SCALE SUBMARINE

TEST SECTION "STALMYGGAN": RECORDING AND DATA REDUCTION SYSTEM

L Westin and A Henningson

Military Electronics Laboratory

Stockholm, Sweden

For measurements made at the underwater explosion test with the

test section "StAlmyggan" piezoresistive accelerometers, strain

gages and pressure gages were used. With respect to the dynamic

limitation of the recording system the signal from the accelero-

meter was split into one low-frequency signal and one high-fre-

quency signal. The shock spectra from the two signals overlapped

each other accurately in a medium frequency range. The accelero-

meters were protected from damage at explosions from the shor-

test distances by means of mechanical filters. All acceleration

signal were digitized for further analysis in a digital computor.

INTRODUCTION signal in a manner described below.

The measurement programme at the "St~l- Pressure gages and different types of

myggan"-tests in 1972 was more extensive capsules intended for accelerometers in

than the measurement programmes at earlier severe measurement locations were designed.

Swedish underwater explosion tests. A mea- The pressure gages were so designed, that the

surement system was developed which in cer- djnamic pressure could be measured in the

tain essential respects differed from sys- centre line of pipes, between bulkheads in

tems used at earlier tests. As concerns the ballast tanks and in the orifice of hull

acceleration measurements, for example, high valves. For accelerometers located outboard,

requirements were put on the resolution in special water-tight capsules were designed

the high-frequency as well as in the low- and accelerometers in locations where very

frequency range as shock spectrum analysis high acceleration levels were to be expected

was to be performed within the frequency were mounted on mechanical filters.

range 1 cps - 3,000 cps. When studying the

results from earlier underwater explosion DESCRIPTION OF THE MEASUREMENT SYSTEM

tests it appeared that the available tape

recording systems did not satisfy the dyna- In figure 1 a basic block schema for the

mic range requirements of severe measurement shock measurements is presented. Figure 2

locations. In order to get satisfactory mea- shows the block diagram of the measurement

surement accuracy in the whole frequency system. Amplifiers, filters and calibration

range, the accelerometer signals were split relays were placed on a shock-isolated table

into one high-frequency and one low-frequency inside the test body. The measurement sig-
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nals were transmitted to the land station results from these comparative tests are

where tape recorders and other recording presented below.

equipment were placed. (See preceeding paper

by Herbert Nilsson for further details.) Before and after esch detonation the

measurement system was calibrated by intro-

ACCEL.RATION MEASUREMEfiTS ducing shunt resistances in the measuring

bridge of the amplifier, thereby simulating

In order to obtain acceptable frequency an acceleration.

response for low frequencies and to minimize

zero shifts in the accelerometer signals a PRESSURE MEASUREM!NTS

piezoresistive accelerometer - Endevco, type

2261 M6 - was used. A block diagram of a pressure measuring

channel is shown in figure 6. Different

The accelerometers were mounted on fine- types of transducers and associated electro-

grinded cubic steel heads, 59 mm in side nics were examined. A piezoelectric crystal

(figure 3). fabricated by Crystal Research was found

suitable. The crystal (1/8 inch tourmaline

The problem with the dynamic range limi- crystal) was connected to the end of a co-

taticn in the tape recorder system was sol- axial cable and then embedded in polyurethae

ved by splitting the output signal from the (figure 7). By this arrangement the crystal

measurement amplifier into two signals; one was mechanically isolated from the walls of

high-frequency (HF) signal and one low-fre- the pipes and could easily be installed in

quency (LF) signal (figure 2 and 4). These the centre line of pipes. The amplifier used

two signals were treated in different ways. was Endevco Charge Amplifier, type 2760.

The gain of the measurement amplifier was

adjusted so that the HF-signal could be In order to avoid distorsion of the mea-

transmitted and recorded without further ad- surement signals owing to the big capacitan-

justment. The LF-signal, on the other hand, r_- of the signal cable, the signals had to

was lowpass-filtered and further amplified be low-pass filtered and amplified before

before transmission to the tape recorders in transmission to the land station. The cut-off

the land station. The slope of the filters frequency of the RC-filters used was 60,000

used at this process was 12 db/octave and cps.

the ' db cut-off frequency was 150 cps.

STRAIN MEASUREMENTS

At severe measurement locations the ac-

celerometers were mounted on mechanical fil- The block diagram of a strain measuring

ters in which way excitation of the trans- channel is shown in figure 8.

ducer resonance (figure 5) was avoided. The

resonant frequency of these shock mounts was For measuring strains a gage fabricated

about 12,000 cps with an amplification of by Tokyo Sokki was used.

2.5 to 3 at resonance.

THE LAND STATION

At an early stage in the test program,

signals from accelerometers mounted on mec- The instrumentation in the land station

hanical filters were compared to signals included three analog tape recorders, each

from normally mounted accelerometers. The with 14 channels, one time code generator,
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calibration switches and an oscillograph. PRiSSURE Ai,D STRAI , M4EA.URhNIL

The FM-systems of the tape recorders were

used and the recording speed was 60 inches The shock signals from these measure-

per second which implies that the frequency ments have all teen transformed from mggne-

range d-c to 20,000 cps was covered. To be tic tape to oscillographic form.

able to compare the data on all recorded

channels at a given instant and to correlate RESULTS OF TESTS 0. THE MEASUREMtEL!T SY.:INM

these data with external events, a common

time code signal was recorded on the magne- For controlling the reproducicilty in

tic tapes. The carrier frequency of the code the acceleration measurements,two accelero-

used (!rig Format A) is 10,000 cps which meters were installed opposite each other

gives a resolution of 0.1 millisecond. This on the same cubic stud. Analyfis of computed

code also could be used for controlling the shock spectra shows. (figure ', and ,") that

d gitalization process which was performed the reproducibility is good in both the

in a digital computer, high-frequency and low-frequency range. in

the high-frequency range, however, some de-

One additional channel was used for viations can be observed for frequencies

spoken information, above 2.000 cps.

ROUTINES OF ANALYSIS The mechanical filters were controlled

in a similar manner. As before, two accele-

Immediately after each detonation the rometers were installed opposite each other

shock signals were transcribed from magnetic on the same cubic stud; one of the accelero-

tape to oscillographic form. When analyzing meters beeing installed on a mechanical fil-

the oscillograph records,errors in the mea- ter. The deviations observed lie within the

surement system could be detected at an limits determined by the reproducibility in

early stage. the measurements. In figure 11,time histo-

ries of signals recorded as described above

ACCELERATION MEASUREMENTS AND SHOCK SPECTRUM are shown. The corresponding shock spectra

ANALYSIS are presented in figure '2 and I'.

In order to make further analysis of the The analysis time in computing shock re-

acceleration shock signals in digital compu- spons, spectra was 50 msec for the HF-sig-

ter possible, the analog signals on the mag- nals and 500 msec for the LF-signalo.

netic tapes had to be converted to digital

form. This analog to digital conversion was The low-pass filtering process and the

performed at a computer station, located at dynamic range limitations of the tape recor-

the Research Laboratory of the Swedish Natio- ders mea that some frequency ranges in the

nal Defence, immediately after each test. shock spectrum analysis are less reliable.

For frequencies below about 70 cps, for

Before A/D-conversion the signals were example, the HF-analysis gives too high

lowpass-filtered. The HF-signals were filte- levels as the measurement signals are hidden

red at 5,000 cps and the LF-signals at 300 in noise and hum. In the range 70-100 cps

cps. The signals were then digitized with the HF- and LF-analysis give coincident

the frequencies 25,000 cps and 5,000 cps values. For higher frequencies the LF-analy-

respectively. sis becomes uncertain as phase delay and
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filter damping affects the shock spectrum.

The influence of the analysis time on the

shock spectrum can be observed in figure 14.

Extensive tests with different sampling

frequencies show that stable results for the

LF and the HF analyses were obtained at

sampling frequencies of 5000 cps and 20,000

cps respectively. Figure 15 demonstrates the

influence of a greater sampling rate on the

calculated shock spectra; it suggests that

the sampling rates employed for routine ana-

lyses are acceptable.

PIEZORSIP0Ib SUPPLY AID

LIPLOSICALRAINAGAGE
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CER C. L, PRESS.
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Section I includes the shock target and the items installed within it; section 11 the

recording station. section III the reproducing station on the test site and section IV

the computer station

Figure 1 - Basic block scheme for the measurements
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The diagram shows what effect the number of calculation
points have on the shock spectra

NOTE: Discussion on this paper follows the
paper by Mr. Spang.
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UNDERWATER EXPLOSION TEST WiTil TIlE SWEDISH FULL SCALE SUBMARINE TEST SECTION "STAL-

MYGGAN": PART Il l. INTERPRETATION OF RESULTS OF SHOCK MEASUREMENTS

Kjell Sp~ng
IFM-AKUSTIKBYRAN AB
Stockholm, Sweden

The results of shock measurements made at the underwater ex-
plosion test with the test section "Stflmyggan" are discus-
sed together with the methods used for transformation of mea-
sured shocks into design parameters. A brief description of
the Swedish submarine shock specification is included and
the correlation between the results of the measurements and
the shock specification is shown to be reasonably good. The
influence of the component mass on the shock level, however,
seems to be slightly overestimated in the shock specifica-
tion.

INTRODUCTION components into four severity classes,
depending on the type of structure to

The results of the shock measure- which the component is attached. The
ments described in the preceding paper shock severity also varies with the
by Lennart Westin have been studied in direction of mounting in relation to
relation to design levels used in the mounting structure (parallel to,
Swedish submarine shock specification. perpendicular to).
Some results of general nature are dis-
cussed in this paper in relation to Class 0, 1 and 2 relate to compo-

nents mounted to parts of the ship
- general correlation between shock hull, bulkheads, interior parts (class

spectra from shocks recorded and 2) etc., whilst class 3 relates to
corresponding design spectra used components mounted to secondary struc-
in th shock specification tures, e.g. big instrument panels. In

class 3 the shock analysis is made on
- influence of the component mass on the complete component/secondary struc-

the shock levels in supporting ture system, using the shock severity
structures for rigidly and flexibly of the class relevant to the secondary
mounted components structure as input. Shock design le-

vels are therefore given only for class
- origin of shocks encountered in 0, 1 and 2, where 0 relates tc compo-

outboard devices nents mounted to the outer hull and 2
to the inner parts.

- variation of pressure and shock 
le-

vels with explosion distance A. Severities_appIicaule to desi&gnof
rigidly mounted components including_

GENERAL CONTENT OF THE SUBMARINE SHOCK mounting devices
SPECIFICATION

A static acceleration for design
The following r6sum6 of the Swedish Purposes is given as a function of fre-

submarine shock design specification is quency, related to fundamental modes
intended to give a broad picture of its (fixed-base frequencies) of the compo-
basic approach. A full description is nent, approximated to a simple system
outside the scope of this paper. of masses and stiffnesses (figure 1).

The shock specification divides the
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CLASS 01 STRUCTURE
CLASS I L STRUCTURE

- CLASS 01 #STRUCTURE

CLASS 2, ALL DIRECTIONS

0

r-l,
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U) -

1 10 160 100 FREQUENCY, Hz

Figure 1. Static acceleration levels for design purposes

The shock encountered ir a struc- The acceleration of the component
ture, when the ship is subjected to an is then
underwater explosion, depends on the
relationships between the mechanical a(f) = 2 Tf • (3)
characteristics of the structure and
the mechanical characteristics (masses, where f is the mounting frequency.
stiffnessess) of the components loading
the structure. The design levels must This is valid for the simple case
therefore depend on these factors. A where the movement of the component is
reduction factor r(f) is used, which is primarily translational and the shock
based on simplified assumptions of these isolators are linear. If this can not
relationships. The static acceleration be assumed a more complicated analysis
for design, a(f), is achieved from fi- has to be applied.
gure 1 as

For components mounted perpendi-
3(f) = r(f) • ao(f) (1) cular to the outer hull structure

(class 0 and 1) the deformation of the
B. Severities applicable to design of structure must be taken into account.
Shc isolated components _including

mounting devices The acceleration level is then
(for the simple case considered above):

For components in class 0 and 1
parallel to the structure and class 2 a(f) = (2TTf) 2  max (s,6total) (4)
earlier measurements have indicated
that the low frequency response (shock where s = 6 2 + u
isolation frequencies) can be considered static (2f)
proportional to a certain velocity us
with a value independent of frequency. 6 static static deformation of
The shock specification therefore de- the structure (residual)
fines a velocity uo, from which the ve-
locity used for arriving at the severity 6 = total deformation of
for a component is achieved as total

the structure
0(f) r(f) • uo (2)
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. Shock testing-severities at resonance) for the mass-spring sys-
tem was chosen to 25 in the analysis

The shock testing is based on sub- (damped system), based on measurements
jecting the component to a shock, the of Q-values for some typical suhmarine
shock spectrum of which covers the de- components.
sign spect rum in figure 1, mult ipli ed
by the appropriate reduction factor As shown in reference 3 the shock
r(f). spectra derived from measurements rela-

tes to design levels only at frequencies
corresponding to resonances (fixed-base

TRANSFORMATION OF MIASURE) SHOCKS INTO frequencies) of the component mounted
DESIGN 'ARAMETERS close to the measuring point in the

structure. Such frequencies are normal-
An object with the underwater ex- iy found as valleys in the measured

plosion test with 'STALlYGGAN' was to shock spectra. Efforts are therefore
compare the design spectra in figure I made in the evaluation of th measured
and the low frequency design values data to correlate the valle)s to fixed-
with the characteristics of the shocks, base frequencies of components mounted
measured in corresponding component po- in the structure and to fin! a suitable
sitions. This comparison was based on model for the mechanical system involved.
analysis of acceleration shock spectra,
defined according to lIC Publication The design shock spectrum values
b8-2-27A (reference 2): thus obtained are plotted vs frequercy

for each measuring point and for each
The acceleration shock spectrum explosion distance. The value plotted

can be regarded as the maximum accelera- is divided by the reduction faktor r,
tion responses to a given shock excita- applicable to the component and struc-
tion of (undamped) mass-spring systems ture considered. An acceleration-fire-
as a function of the frequencies of the quency curve proportional to the curve
systems. Only first order shock spectra for the actual class given in figure 1
have been considered where the mass- is then fitted to the values plotted.
spring systems are unidirectional linear
one-degree-of-freedom systems. Figure 2 shows results for two

measuring points in class 1 perpendi-
The shock spectrum analysis was cular to the structure.

made in a digital computer after digi-
talisation of the acceleration-time his-
tory. The Q-value (magnification factor

MJ.J
UJ

!a

o

-J
-1

P1 10 100 1600 FREOUENCY, CZ

Figure 2. Equivalent design valtues from tw'o measuring points compared
to the design level for class 11Istructure
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The principle for dete rmi nat ion of 20 ) kg and 1 20(1 kg) was about half of
equivalent velocitY values tUo, appl i - the masses of the seat ing involved. Fi-
cable to design of shock isolated con- gure 4 shows the resulting shock spectra
ponents, is illustrated in figure 3 (va-
lid for components in class 1) and 1 // The rigidly mounted heavy masses
structure and class 2). appear to have one fundamental frequency

kfixed-base frequency) at about I 0i liz,
The uo - 21f-curve with the best another clcse to 2011 liz and a third in

fit to the measured shock spectrum at the region of 4(10 IIz. Figure 4 a shows
low frequencies (below 15 1]-) is deter- that the shock spectrum has been depres-
mined. Theequivalent velocityuao= /27f sed at these frequencies and the corres-
thus defines a velocity from which the ponding design shock spectrum levels be-
acceleration on the component is given come significantly lower than for the
as ao = 2TTfao. Note that this velocity case of light masses.
does not necessarily equals the maximum
velocity of the shock.

100
C! MEASULRED SHOCK SPECTRU

'U

'U0
> 50- . ^ I
-J

z
0 0

2 5 1020 FREUENCY, Hz

'U
5-ul -

C-)
L)

-1001

Figure 3. Principle for determination of u.

STUI'i OF rIle INFLUENCE OF A COMPONEiNT A comparison between the depression
MASS ON TIlE SIlOCK SPECTRUM AND DLSIGN achieved and the theoretically calcula-
SlO(CK SPECTRUM LEVELS ted depression at fixed-base frequencies

used in the Swedish shock specification,
In order to study the relationships shows that the theoretical calculation

between component mass and shock levels, tends to overestimate the magnitude of
seatings were loaded with variable mas- the depression.
ses at the same explosion distance and
charge weight. This was done with masses As can be shown also theoretically
rigidly mounted to the seating as well the influence of mass on the shock level
as with masses shock isolated from the of an elastically mounted component is
seating. The mass variation (between small (not detectable), see figure 4b.
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Figure 4. Shock spectra for different mass loads

SHOCK LEVELS IN AN OUTBOARD COMPONENT It is obvious that the part of the
shock coming from the hull structure

Measurements were made in an out- via the mounting is negligible compared
board antenna, mounted to the end sec- to the effect of the shock wave direct-
tion of the hull via shock isolators ly hitting the antenna.
(figure 5). A comparison was made bet-
ween the shock spectrum measured in the
antenna and the shock spectrum measured
in the mounting point on the hull, see
figure 5.

47



20000

16000 1
12000

-J ANTENNA

'U
- 8000

z0 MOUNTING POINT
0

4 4000

'U
-J0'

so16) 1000 FREQUENCY, Hz

cc - 4000

'U

0.
W -8000

0

in -12000
MEASURING POINTIN ANTENNA

-16000- MEASURING POINT IN

ie_-THE HULL END SECTION
(MOUNTING POINT)

-20000
/
/

SHOCK ISOLATED/

MOUNTS

F;igure 5. Comparison of shock spectra from point in antenna and from the
mounting point of the antenna

l)liliI)l.Ct" OF PRI.SSURIiS AND SlO(K IXt1VILS to 1/R, where R 'is the distance between
ON LXI'LOSION I)ISfANCh the explosion centre and the point of

the hull consildered.
Pressure peak levels

Figure (o shows pressure peak 1ev-
The pressure pea, level of the pri- els measured in the water at a distance

mary shock wave hittini.C the ship hull of one metre from the hull of the test
is normally supposed tr be proportional section as i function of explosion dis-
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tance. Ilhe charge ieight has been kept reasonahly proport ion0 to 1/k.
:o nst,ant . Fhe curve fl. R = constant has
been drawn for collipar iSon and it is CONCIISIONS
shown that the peak level s measured 101-
low the I/R law reasonahly well. The results of the shock muasuu -

ments on "Sta Imyggan" may be summarizedShock levels as follows:

Figure 7 shows shock spectra for there i. a reasonably good correla-
shocks measo red in a typical inner tion between the shape and level of
structure at three different explosion the design spectra used in the sub-
distances. Comparison. of this kind give marine shock specification and the
an idea of how the shock level depends equivalent design shock spectrum
on the explosion distance. values achieved from the measure-

ments
The explosion distance dependence

can be more systematically evaluated if the influence of the component mass
the design shock spectrum values for a on the shock level in supporting
given shock measurement are approximated structure was significant for a
to curves proportional to the design rigidly mounted beam. A simple
curves given in figure 1. The shocks may theoretical calculation seems, how-
then be denoted by the corresponding ever, to overestimate the mass in-
acceleration level in the upper frequen- fluence on the shock level
cy range (plateau level). The dependence
of explosion distance on this value for the influence of the component mass
different measuring points is shown in on the shock level in supporting
figure 8. structure was not significant for a

flexibly mounted beam

It is shown that the shock level is

2 CONSTANT 1

U)lt

0z

>0

0

Z -

00
Uj

'U 4

0 U

D D T 2D R

Figure S. Shock levels as a function of explo.3ion distance
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the results indicatu that tim
shock Cxc it at iou o f a sr:a I I out -
board dev ice mainyiv or igi nat es
from the shock wave di rect I hi t -
t ing the outboard dev ice

the shock level , expressed as the
design shock Spect rum Value at a
certain frequency vs explosion
distance, follows reasonably well
the same relationship as the peak
pressure level ill the Water out-
side the hull St ructure vs explo-
sion distance.

The purpose of tile presentation of
"STALMYGGAN" and tie tests, mea surellents
and analysis performed has been to illu-
strate the state-of-the-art in Sweden
regarding treatment of the shock pro-
blem in submarines arising from under-
water explosions. Due to the small se-
ries of products the amount of tests on
components in shock testing machines
and shock test platforms is small and
the design of hull, parts and components
must be based on limited experimental
data and rather extensive theoretical
analysis. The tests on "STALMYGGAN"
form an important link in improving our
shock specifications and design methods.

The extensive work done in the USA
and published by the US Naval Research
Laboratories (O'Iiara et al) and other
bodies has been of invaluable importan-
ce to us in our efforts to improve our
technique in this field.

REFERENCES

1. International Electrotechnical
Commission Publication 68-2-27
Test Ea: Shock

2. International Electrotechnical
Commission Publication 68-2-27A
Appendix B Shock Spectra and Other
Characteristics of Pulse Shapes

3. "Shock Spectra and Design Shock
Spectra". O'Ilar, G J NRL Report
5386, Naval Research Laboratory,
Washington D C (November 1969).

51



D I SC I'S S ION

Mr. Weinberge r (Naval Ship Research and spectrum, it must be that it is a lo%, frequency
Development Center): I have several questions effect. The low frequency effect will show up

for Mr. Spang. What size charges did you use? in our low frequency spectrum as well as if you
made a velocity spectrum out of it. So there

Mr. Spang: 100 Kilograms. you have tie dynamics which is necessary to be
able to detect it. We ought to have detected

Mr. Weinberger: On one of your slides, it if it were there, but we will certainly have
you showed considerable hull deformation. Was to investigate it a little bit more in detail.

that about what you expected?
Mr. Forkois (Naval Research Laboratory):

Mr. Spang: Yes, we had expected these You use the term mounting frequency. Would you

deformations, care to define that term?

Mr. Weinberger: Were the end bulkheads Mr. Nilsson: When I talk about normal

on this test vehicle essentially flat plates modes and that kind of thing, I'm talking about

similar to the type you would have on the bulk- fixed-base frequencies. For example, in the

heads of a submarine? case where I was talking about rigidly mounted
components, where you use the spectrum in order

Mr. Spang: Yes, there were two bulkheads to define the accelerations and the forces

in each tank section connected together with involved for your design, then I meant to speak
shear plates, about fixed-base frequency. But when I talk

about mounting frequencies, I am talking about

Mr. Weinberger: So they were heavier than shock-mounted components.

normal bulkheads?

Mr. Stathopoulos (Naval Ordnance Laboratory):
Mr. Spang: No, they were the normal bulk- I'm very much impressed with the insight you have

head construction. to this very complex problem. However, my ques-
tion is this; have you given any thought for

Mr. Weinberger: Was there no attempt made future work as to how you will go about qualify-

in the bulkhead to make it heavier so that it ing your equipment? Will it be with tests
would look like the rest of the submarine, or similar to this, or will you have a laboratory

at least part of it? simulation of some type?

Mr. Spang: No. Mr. Nilsson: We have a slightly different
position than you have on this because we make

Mr. Oleson (Naval Research Laboratory): a very short series of submarines. You make a

I'm curious about the shock mount that you put longer series and can afford to use more testing

under your accelerometer. Our experience has than we can. We have to do very much of this on
been that, if we put a shock mount under an a analytical basis. The only kind of tests we

accelerometer in such a way that there is do are tests in a laboratory on a shock testing
cantilever flexibility, this leads to an machine. We don't make any tests on a floating

anomolous signal which is really a rectification shock platform.
phenonema. If you get cross-axis drive, you get

rectification of the cross-axis; if it rotates Mr. Spang: We hope that ., an acceptance

in a gravity field, you get some rectification test on the first submarine ia the coming series
essentially due to going through a neutral point, we can again make a full-scale test against a

For example, with a cosine function at 0 degrees complete submarine to study, iir instance, the

you would get some rectified gravity components, beam oscillation problem.
I'm not accustomed to looking at the shock spec-
tra in an acceleration format, so I'm not exact- Mr. Fritz (General Electric Company): I

ly sure how that would show up in your spectra, have a question for Mr. Spang. Can you say a
However, it does show up very strongly if you few words about the damage criteria? When

integrate your accelerometer records to produce the designer goes through the analysis of equip-
velocity records. Would you care to comment ment and calculates stresses, to what does he

on this? compare those stresses to find out whether lie

has an acceptable design?

Mr. Spang: We used these shock mounts at
the nearest explosion distance only in order to Mr. Spang: We start from the normal static

protect the accelerometers. We haven't invest- value and utilize some excessive properties due

igated the problem very much, I must say. to the high strain rates.

Mr. Nilsson: Perhaps we should do as Mr. Mr. Fritz: This implies that you are
Westin suggested and divide the signals into a dealing with mild steels.

low frequency part and a high frequency part.

The low frequency part is fairly representative Mr. Spang: Yes, sir. As I said, the hull
in this case because, if it shows up very clear- material has a yield point about 68,000 psi.

ly in a velocity spectrum and not an acceleration
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Mr. Fritz: Mild steels do show a strain look at the shock spectra I showed you, the
rate dependency, but if you were to design with shock spectra with mass-dependence and so on,
some other metals you probably would not put in there were some peaks and valleys. The real
a strain rate dependency, problem is to know which peaks and valleys are

coming from the bending modes or ring modes
Mr. Spdnt: We have performed some lab- of this structure and which values arise from

oratory tests on structures of these materials having a component mounted at that position
and we have found a considerable strain rate and pressing down the level at its fixed-base
effect, frequencies. That's a big problem and that's

where the real deviation between this test
Mr. Fritz: In looking at seismic design body and a complete submarine occurs, in the

spectra, one normally sees peaks in the spectra complete submarine you will find some peaks
even if a spectrum dip effect has been accomo- which come from the bending modes. They will
dated. These peaks tend to infer that there not appear here. Perhaps those are the peaks
are some predominant environmental frequencies, you miss here.
so that equipments designed in that range of
environmental frequencies get an extra penalty.
Your shock spectra did not seem to show peaks
of that kind. Would you comment on that?

Mr. SpSng: Well, I'm not sure about what
we should expect to have. We have made some
tests before on a complete submarine using the
same kind of shock spectrum analysis, and the
shock spectra we have here look about the same.
Actually, I didn't think that peaks of that kind
would occur. The environment itself is a rather
broad-band environment, with the shock wave
hitting a plane section or a cylindrical section.
Of course, the ship hull in itself will produce
a spectrum of that kind. I suppose if you
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SHOCK ANALYSIS

SHOCK ANALYSIS ERRORS IN THE PRESENCE OF VIBRATTnN

Charles T. Morrow

Advanced Technology Center, Inc.

Dallas, Texas 75222

If a shock occurs during a time interval in which there is also a sus-
tained random vibration background, the Fourier spectrum or residual
shock spectrum can not be computed without some error or uncertainty.
The uncertainty is proportional to the square root of the power spectral
density of the random vibration and the square root of the time duration
of the sample used in the computation.

INTRODUCTION surement of unoampea residual sock spectrum or

of the magnitude of the Fourier spectrum of the
In the environmental test laboratory, it is total signal whether the vibration resulted in

customary to test separately to vibr.tion and an increase or a decrease, or what would be the

shock. F- ' hen an equipment of the type effect if the same shock coincided in time with
tested is use, shocks are not limited a different sar41f of _ae random vibration. The
to time int...s Vhen there is no vibration, analysis to folic- will pro"r'de insights into
The subject of this paper is the problem of this problem.
measuring the shock in the presence of a random
vibration whose power spectral density over the Although the undamped residual shock spec-
frequency range of interest is known. The trum is, by virtue of its simple relation to
results yield some implications also about the the Fourier spectrum, the most fundamental spec-
effect on the equipment of combining the two tral description of a shock and the best indi-
environments. cator of the spectral energy, among the various

types of shock spectrum in use, many engineers
In shock and vibration engineering, the prefer a damped residual shock spectrum as more

most common spectral description of a shock is representative of responses of actual hardware.
a shock spectrum of the acceleration. In this The effect of random vibration on this type of
paper, we will use the Fourier spectrum, or the spectrum is not an explicit subject of analysis
Fourier transform, as it is known to mathemati- here, However, selection of finite damping is
zians and electronic engineers. This, with its equivalent to placing an upper limit on inte-
phase information preserved, is a complete gration time. Consequently, at least qualita-
description from which the wave form can be re- tive inferences about the effect of random vib-
covered exactly. It is more suitable for fun- ration on this damped spectrum can be made di-
damental analyses. Once the analysis is com- rectly from the results of the present analysis.
pleted, the results apply directly also to the Furthermore, the damped residual spectrum can
undamped residual shock spectrum, which is iden- be calculated from the complete Fourier spec-
tical to the magnitude of the Fourier spectrum trum, if one wishes to take the time, or
except for a factor of 27 times the frequency, estimated from the undamped residual shock spec-
and is the most sensitive indicator of spectral trum without phase content.
energy of a shock among the various types of
shock spectra in use. The initial shock spectrum, unfortunately

often called primary, is not necessarily an
One might be tempted to protest that the indicator of spectral energy at the higher fre-

analysis to follow is unnecessary, for it should quencies, nor is a composite spectrum made by
be sufficient to prescribe a shock test in terms combining initial and residual. Space will not
of an undamped residual shock spectrum for the be taken here to justify this statement. How-
combined shock and random vibration. Unfortu- ever, the effect of random vibration on these,
nately, the contribution of the random vibration if desired, can be obtained by extensions of
has an uncertainty that increases monotonically the present analysis.
with integration time. Consequently, one can

not be certain solely from a single simple mea- Before leaving this background discussion
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for actual analysis, a caution should be
pointed out. The response of any known linear ISv= 2 (T(f)]

2  
3)

system having many normal modes is calculable
from the complete Fourier spectrum or transform
and can be estimated closely, for most situa-
tions, from the undamped residual shock spec-
trum. Other types of shock spectra are help- which increases monotonically with integration
ful in providing additional insights into the time, and a standard deviation from the mean
response of a simple resonator, but do not
apply directly and quantitatively to multi- a = [(2 - 1) Tw(f)]

I
/2 (41.13[Tw(f)]/2 

(4)

modal systems. It is possible to become so m1

absorbed with the response of the simple reso-
nator that one loses awareness of the limit- which also increases monotonically with inte-

ations of the model as a simplification of prac- gration time.

tical structure.
At one extreme, then, when the vibration is

THE BASIC EQUATIONS large with respect to the shock in the frequency
range considered,'all angles are equally likely,

We assume that the shock eventually to be but Eq. (4) yields the uncertainty of the mea-

measured will begin at time t = 0 and that surement of the magnitude. This is not very

after t = T the excitation either is negligible useful directly, since S(f) is small by compar-

or, for one reason or another, will be ignored. ison with the mean value given in Eq. (3) and

The exponential Fourier transform of the shock impractical to measure even by averaging over

time function a,(t) will be repeated trials. However, the uncertainty for
this limiting case is at least one indication
of the uncertainty for approximately equal shock

( j2-ft and vibration, a situation very difficult to
Ss(f) = f a S(t)e dt calculate directly.

= T a (t)e-J2Sft dt. (1)
0

Actually, this operation will be carried
out on a combined signal as(t) + av(t), where
the second term is a random vibration function
of power spectral density w(f) over the fre-
quency range of interest for shock data S0(f
reduction: V

S(f) = f S a (t) av(t)]e
"j
2,

ft  
dt

0v

- ; T a5 (t)e'j2-ft dt + T av(t)e-j2-ft dt s 5(f)

0 0

= s (f) + Sv(f). (2)

Fig. 1 - Vector Addition of Ss(f) and Sv(f)

vectorially, in the complex plane, 
as shown in

Fig. 1.

SUMMARY OF THE ANALYSIS At the other extreme, let us consider a
shock so large by comparison with the vibration

In Appendix I, a calculation is made of the that in the frequency range of interest
uncertainty occurring when Fourier transform is ISv(f)I << IS(f)I. The contribution of the
evaluated for vibration alone. In other words, vibration to the mean is negligible. In other
by examination of the statistics of the coeffi- words, for this extreme, there is no systematic
ctents of the Fourier series, for successive effect of the vibration on the magnitude of the
samples of random vibration of duration T, it is spectrum. The Sv(f) for successive samples of
determined that magnitude of the Fourier trans- vibration are vectors in the complex plane,
form Sv(f) has a mean value each adding vectorially to S(f) as in Fig. 1.
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Since all angles of the random vibration trans- in the presence of random vibration. The uncer-
form are equally likely, the distribution of tainty of the measurement is proportional to the
their projections on any straight line is the square root of the integration time interval T
same as the distribution of their projections used in the computation.
on either axis, is Gaussian with zero mean, and
has a standard deviation The shocks that actually occur during the

flight of an aerospace vehicle do not resemble

1/2 the standard pulse shape of the laboratory,= o/0 - = [Tw(f)J (5) but tend to have an abrupt burst at the start,
followed by an exponential or less regular
decay. In short, there is no one definite ob-where a is the root mean square value for IS11 vious time for the end of such a shock. In the

as derived in Appendix I. In other words, the absence of vibration, accuracy increases with

primary effect of the vibration now is a statis- T. The presence of random vibration suggests
tical uncertainty. The square root of two fac- decreasing T as much as possible to obtain
tor results from the fact that, by the Pythag- better precision. Perhaps the best compromise
orean theorem, the sum of the squares of the is to compute the Fourier transform for several

ISv(f)J is equal to the sum of the squares of values of T, measure the power spectrum w(f)
the projections on any two mutually perpendic- for vibration occurring at nearly the same time,
ular lines and therefore equal to twice the sum and for each frequency favor the largest value
of the squares of the projections on any one of T that yields an acceptable uncertainty from
line, or equal to twice the variance of theseprojecions.Eq. (5) in relation to the indicated magnitude
projections, of S (f).

s
If we let one set of projections lie on a If the shock is assumed to be a reproducible

line extending along S(f), as in Fig. 1, Eq. (5) phenomenon that occurs in practice in the pres-
yields the uncertainty in the magnitude JS(f)J. ence of an ergodic random vibration (statisti-
The distribution is Gaussian. If we let another cally the same from flight to flight), and an
set of projections lie on a line at a right accurate measure of the magnitude of the Fourier
angle to S(f), the standard deviation of the spectrum can somehow be obtained, as by a sepa-
apparent angle may be obtained by dividingEq. (5) by |s3(f)1 = JS(f)J, as follows: rate experiment, then Eq. (11) becomes an indi-

cation of the uncertainty of the severity of the
combined effect of shock and vibration in flight.

f1/2 APPENDIX I

= us'(1 _ is E5(f), radians RANDOM VIBRATION ALONE
(6)

360 [Tw(f) 1/2 For the first part of the analysis, we ex-26- I sT degrees amine Sv(t), which is the Fourier transform ofs a sample of av(t) of duration T. We assume
av(t) to be Gaussian and stationary or ergodic.

This is of interest if one should need the phase Suppose that such a sample is made to re-
information of the Fourier transform for accu- peat indefinitely, as by being recorded and
rate reconstruction of a wave shape, played back on a loop of magnetic tape, so that

it becomes periodic. Then, the Fourier coeffi-

CONCLUSION cient for the k'th harmonic produced by this
operation is given by

The standard deviations from the mean,
given by Eq. (4) for shock small compared to the
vibration, and by Eq. (5) for shock large com- T
pared to the vibration, differ by less than 15 C = r a (t)e-J2Ikflt dt
percent for the same power spectral density ek T v
w(f) of vibration. It seems reasonable, there-
fore, that the standard deviation will lie
close to these formulas for intermediate rela- = v (kf1 )/T. (7)
tionships of shock to vibration.

To obtain expressions for the standard where fl = lI/T is the fundamental frequency or
deviation of the undamped residual shock spec- the repetition rate of the sample. It will be
trum from the mean from EqS. (4) and (5), recalled that, since Ck represents the peak
multiply by 2nf. rather than the root mean square value for the

harmonic, and Af = f1 is the spacing betweenThe analysis thus provides a means of harmonics, C~k/2Af is an elementary estimate

estimating the standard deviation from the mean of power spectral density. As this is not a
of the undamped residual shock spectrum, or of statistically significant estimate, it is cus-
the magnitude of the Fourier spectrum, measured tomary to perform an average for the fk in a
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sufficient bandwidth B to reduce the uncer- - 1/2
tainty to an acceptable value, thereby compro- [ [ 12] =2fw(kf)] /2 [2fw(kf)]

/2

mising frequency resolution if necessary. The ek 1w [
familiar statistics of the Cek lead very di-
rectly to the statistical properties of Sv(f). = [2w(f)/T 11/2  %0)

Now, the Cek are complex numbers or vectors
in the complex plane. The exponential form of
the Fourier series can be converted to a sum Consequently, from Eqs. (7) and (10), the
of cosine and sine terms, with respective real root mean square value for jSv(f)l is
coefficients Cck and Csk, all statistically
independent of each other if evaluated for
successive independent samples from a missile _/2

flight (stationarity required) or from succes- ['Sv(f) 12] /2 (1)
sive flights (ergodicity required). Both the
Cck and the Csk are in Gaussian distributions
with zero means and, since all phase angles of
Cek are equally likely, the same variance. By
definition, the sum of the squares of n such To proceed further, we must deduce the
coefficients exact expression for the probability density of

ISv(f)l. The probability density for a Gaussian
variable x with standard deviation a about a

m + n m + n zero mean is
k or sk

k-rn k-rn

p(x) Y ex
2
/2c2 (12)

over a frequency region in which w(f) is con- 
2-(

stant or over successive independent samples is
a chi-square distribution in n degrees of free-
dom.

and the mean square value is given by
Since

ICek
12 

= C
2

+ C' (8) x= 02.

ck sk' 2 j p(x)dx = 0(13)

the summation
If, however, the signs of all negative x

are made positive, the probability density is
made zero for all negative x, while that for

m + n e2 positive x is doubled. The mean square value is

Z iCekI2  now
k-rn

although the jCek1 can never be negative, is also x
2 

= 2x2p(x)dx - c 
2 ,  

(14)
a chi-square distribution in n degrees of free- C
dom. From this, the familiar result is commonly
obtained that an average of C2k/2fI for the n
values of f in a bandwidth B, for sufficiently
large n, taken as an estimate of power spectral as before since p(x) is symmetrical. From Eqs.

density, has a normalized standard deviation (11) and

Gvn - I/(BT)
1/2 

=l/ n- (9) 0 -[2Tw(f)] 1/2 (15)

The ICek1, which can not be negative, occur However, the distribution of ISv(f)l is
according to the positive half of a Gaussian shown to be twice that of an ordinary Gaussian
distribution. From the definition of the power distribution, for positive values. If the
spectral density w(f) as the limit of an average Fourier transform S(f) as in Eq. (2) is evalu-
of C2k/2f, over a bandwidth or over an ensemble, ated when the shock, if azy, happens to be negli-
the root mean square value of an infinite number gible by comparison with random vibration, and
of ICeki is P(Is,I) has twice the value of an ordinary
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symmetrical Gaussian distribution, the mean of
the possible magnitudes is given by

s - f JSvP(SvI)dISvI
0

2 f Se- d
S /2 2  S

o 2'T o

=2o/ vr ® I- v~ Ise1IS v
1 2 / 2 cr 2 di

V 7 o or2 cor

2a - 1 a '2 2 [Tw(f)]$1/2
2 2

(16)

which is identical to Eq. (3).

The standard deviation from the mean is
given by

0 m  [f (I- 1_7S7 )2p(IS,)dlSv,]/2
0

If ISv 
2
PSvjdjSv

)

-21v! 1SvPIS v dSvI
0

+Isv
12 

f" PiSvldlSvl/1/2

0

2 - 2] 1/2

= [2Tw(f) - Tw(f)]1/2
Tr

m [(2- 4)Tw(f)]
1/ 2

from Eqs. (11) and (16). This result is identi-
cal to Eq. (4).
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APPROXIMATE RESPONSE SPECTRA OF DECAYING SINUSOIDS

Arnold E. Galef

TRW Systems, Inc.

Redondo Beach, California

The response spectrum of a decaying sinusoid, as a
function of frequency ratio and of the damping in
the excitation and the response, is developed using
an approximate technique. The results, which have

been verified by comparison to digital computer
results, are presented in a form convenient for

engineering application.

NOMENCLATURE

A - quasi-amplitude (initial velocity - ..atural frequency of response oscillator
divided by damped frequency) of

exciting motion INTRODUCTION

- impulse causing motion When a linear, viscously-damped structure

is subjected to an impulse I at point p, the
Mn  - generalized mass of nth mode of motion at point q can be represented by

structure excited N I - nt ._/ 2ap in ,n

response spectrum (a function of 2, w, X(qt) = e sin nt

g. ) niMn n"-n t2

t - time (1)

The frequently encountered problem of pre-
T - time when response amplitude reaches dicting the response spectrum of such motion

requires, first, that the response spectrum of
each of the modal'components of motion be

X - exciting motion known. The modal spectra may then be co:ibined,

either by direct addition or by a less conser-
Z - equivalent damping, as fraction of vative root sum-square procedure.

critical damping

6(t) - relative displacement of response This paper addresses the first portion

oscillator of the problem--that of determining the
response spectrum of a damped sinusoid as a

function of response frequency and damping.- damping in response oscillator, as

fraction of critical damping In general, finding the response spectrum

- damping in excitation, as fraction of of a given excitation involves finding the
response motion of each of a hypothetical set

of critical damping of oscillators having frequency w, damping %,

when those oscillators are base-excited by thepn - modal deflection in direction of prescribed motion and then finding the maximun
impulse of nth mode, at point where motion reached by each such oscillator. The

impulse is applied maximum response motion, as a function of the

- modal deflection in "X" direction in oscillator frequency w, is the response
qn nth mode, at point "q" spectrum.

n - natural frequency of nth moden
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The response spectrum of either absolute tained in Reference 5. Rubin's results,
or relative motion may be found. The reldtive adapted* from Reference 5, are presented as
motion spectrum is usually the one of greater Figure 1.
interest, and that is the one which will be
treated specifically here. However, the reader
will observe that the techniques to be erpioyed
will be applicable to the absolute motion spec-
trum as well or, for that matter, to the
response spectrum of a damped sinusoidal force.

APPROACH 4

The differential equation of relative
motion of the hypothetical oscillators defined
above is

2i+ 24a + w26 = -X (2) c1I

The excitation, X, is of the form

X = Ae
-  

Sin /1 Qt (3)
X e-)t20 1 2

Dimensionless
When the indicated differentiation is performed Figure 1
and second-order terms in "C" are neglected in Response Spectra of a 10% Damped Sinusoid
comparison to unity (small damping assumed),
Equation (2) becomes It is seen that except for some minor

cusps, Figure 1 is distinctly suggestive of
the well-known damped response to an undamped

6+ 2 wa + w26 = M22e
-

aS
l t 

[Sin St + 2&Cos St] sinusoid.

(4) R(,)
=

A (6)

2 22 2
The solution to Equation (4) may be written as -- + 4 Z a

2

the Duhamel integral (Reference 1). Neglecting ) f2
second-order terms in %", the integral is

t (Equation (6) is plotted as Figure 2 for
Al

2
e wt [ ready comparison to Figure 1.)= a Je(W- Sin W(t-T)

o in particular, the Rubin results conform
[sin QT + 

2
&cos QT] dt to Equation (6) in the following important

respects:
(5)

1. For light to moderate damping, the
peak value of the spectrum occurs at

The terms within the integral may be frequency ratios - near unity. The
readily manipulated into forms which are listed peak value is strongly depen-
in widely available tables of integrals and, In dent upon the damping (Z, or both
principal the closed form solution to Equation and , as applicable).
(5) is obtainable. In practice, the result of
this formal procedure is exceedingly cumbersome, 2. At low frequency ratios, the response
and the subsequent determination from that re- spectrum approaches unity while becom-
sult of the maximum value of 6 as a function of ing nearly independent of the damping.
4, E, w, Q, is very difficult. Consequently, ,
solutions to this important problem have hereto- In Reference 5, Rubin uses the highest observed
fore been attained only for special cases using value of the input motion in place of the
computers rather than by continuing the above quasi-amplitude "A" employed here. The Rubin
formal analysis. Most such work is unpublished, input, A, is related to A by
and has come into some limited distribution
only through personal contacts. In Reference 2, A - A exp (- & Cos E)
Barton, Chobotov and Fung provide the useful
service of disseminating some of the unpublished Further, Rubin presents an equivalent static
work by Curtis (Reference 3) and Rubin (Refer- acceleration spectrum rather than the displace-
ence 4). However, the only widely available ment spectrum considered here. The two are
results of such calculations, by Rubin, is con- related by a2, as shown in Reference 5.
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3. At high frequency ratios,the response (8) are performed in order to make the inte-
spectrum approaches zero while becom- gration from tables of integrals, the result

ing nearly independent of the damping. t

e- sin 4 t fe
0

O [sin 2 ii1
2 + C (1 + Cos 2 .T) dT +

t
Cos t f e (-)
co o

sin: 2 (8')d

2 is enormously simpler than the equivalent ex-

pansion (not written) of the more general

Equation (5).

1 Although laborious, the integration is
straightforward. After neglecting small terms,

Z. .272 the result is

-- e-0t - t
32 -6 = A -) Cos ot (9)

, Dimensionless

Figure 2. Response Spectra of Undamped Sinusoid The term multiplying tae cosine is the envelope

The more extensive but unpublished work of of the quasi-sinusoidal result. The envelope

Reference 6 strongly supports the above trends, has its maximum value when t = T:

(The cusps of Figure 1 are distinctly less pro-
nounced in Reference 6). It is assumed that T n C - in (10)
these results are general and that, for engin- T = o(t~()

eering purposes, the cusps of Figure 1 are of

no concern. Thus, after a relationship between
, &, Z, is found, the desired response For the small damping of concern the envelope

spectrum of a decaying sinusoid is adequately does not change significantly during the time
(6). interval required for the cosine function to goapproximated by Equation through a half-cycle of oscillation. Thus, the

Z may be determined from the peak value cosine will be unity at an instant when the en-

of the spectrum because velope is near its maximum; with negligible
conservatism (of the same order as the noncon-

A servatism involved in the previous neglecting

2Z Rax. (7) of small terms), the maximum value of the rela-
tive response, or the "Response Spectrum", is

We may estimate the peak value of the spectrum determined by substituting "T" in the envelope

by assuming, from the cited available results, of Equation (9). The result is
that the spectrum value occurring at the fre-
quency ratio w/w, unity is very nearly the peak

value. Thus, Equation (5) need be evaluated 
6
max A /(C -(1

at, and only at that particular frequency re- max

lationship.
The forms of Equations (11) and (7) are identi-

Equation (5) becomes cal, and the sought-for value of Z(4,) is

t

6 - 6(w11) - Ajle Sin 0(t-) Z = (12)

[sin Qr + 2C Cos QTldt (8) Inserting the value in Equation (6)

yields the engineering approximation to the
damped response spectrum of a decaying sinu-

The simplification occurring between Equations soid
(5) and (8) is not immediately obvious. How,

ever, when the expansions implied in Equation
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This work will be useful to engineers

A responsible for specifying shock envrionments

2 in terms of response spectra.2( ) 2 L ( -I
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STEADY-STATE MOTIONS OF ORBITAL CABLE PLOWS

Martin Senator and Louis J. Scerbo
Bell Laboratories

Whippany, New Jersey

A perturbation technique is used to calculate steady-state motions of
single-eccentric-roller-driven orbital actuators designed to drive vi-
brating cable plows. Design equations are developed, and their use in
adjusting roller unbalance and in choosing mass distribution parameters
to obtain desirable blade-tip orbits is illustrated.

INTRODUCTION cable plow using a similar concept is being in-
vestigated at Bell Laboratories [7, 81.

A vibrating-blade cable plow allows cable to
be buried several feet deep in most soils with Important design problems associated with
substantially reduced tractive efforts. One of the development of such a plow concern the
the problems associated with the design ind de- bearing and suspension systems. The bearing
velopment of such a plow is discussed herein; a must withstand the forces necessary to produce
companion paper* considers a related problem. the vibration of the blade assembly; in addition,

the bearing must be isolated from the shock
Plowing, or pulling a blade through the loads produced by blade impacts against mas-

ground, temporarily opening a narrow slit sive obstructions. The main requirements of
through which a cable is dropped, is often an the suspension system are that it support the
economical way of burying telephone cable blade assembly and apply the necessary bias
since the high cost of trenching and restoration force while isolating the vehicle proper from
can be avoided. Large, heavy track-laying ve- the vibrating blade assembly.
hicles are often required to develop the high
tractive forces necessary to open a slit deep A prototype blade/shaker assembly (or orbi-
enough for safe cable burial. Consequently, tal actuator), which has basic features that
current static plowing operations are often promise satisfactory solutions to these problems,
limited to off-the-road routes through rural has been designed, built, and partially tested at
areas. If the average tractive effort required the BTL Chester Laboratory. The details of
could be substantially reduced, then smaller, the design are described in Reference [91, and
lighter, roadable vehicles could be used, re- an isometric sketch of the orbital actuator is
ducing vehicle cost. The plow could also be shown in Fig. 1. The actuator consists of a
offset from the prime mover to simplify road- massive horizontal structural member rigidly
side installations, and the number of economi- attached to a forward-raked blade. A large
cal plowing routes would i,,crease. cylindrical cavity at the midpoint of the hori-

zontal member contains a heavy cylindrical
It is well known that vibration of a soil pene- roller. The roller is driven around the cavity

trator reduces average required applied bias by crank arms supported on a central shaft
force [1, 2, 3, 4, 5]. Recently, it has also been which, in turn, is driven by a hydraulic motor.
shown experimentally that drawbar force re- Roller motion develops a high rotating force,
ductions greater than one part in twenty can be virtually constant in magnitude, which is trans-
achieved with vibrating plows when the blade mitted from the roller through the surface of
moves with circular translation with respect to the cavity to the actuator. Relatively high
the vehicle in a direction that produces upward forces can be transmitted with this design with-
penetration of virgin soil [6). The commercial out developing excessive contact stresses be-
development of a low-traction, vibrating-blade cause the roller contacts the cavity along the

*L. J. Scerbo and M. Senator, "Transient Motions of Orbital Cable Plows."
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are unnecessary. The motion of the actuator is
limited mainly by its inertia, and the shaking
forces transmitted to the vehicle frame are
minimal.

Another important feature of this design is
CRANK the use of a single-eccentric-roller shaker.

ARM The roller transmits the load directly to the
cavity. Roller and cavity are in contact along
their common length. This provides a large
area for transmitting the shaking force, thereby
allowing large roller unbalance and high shaking
force, which develop large blade-tip amplitude
and high penetration rate. By way of contrast,

o oI/ SOFT conventional counterrotating-eccentric -weight
SUSPENSION shakers need rolling contact bearings, which

00 MOUNTS then must transmit the full shaking load and
SOE which compete for space with the eccentrics.

STEADY-STATE MOTIONSBALANCING

WEIGHTS In this paper, blade/shaker assembly equa-
tions of motion for steady-state conditions are
developed and solved and some uses of this so-
lution are discussed and illustrated. The as-
sumptions underlying the analysis are explained

BLADE and tentatively justified. Notation for the ideal-
ized actuator system is introduced and the equa-
tions of motion derived. A perturbation tech-
nique is used to solve for periodic steady-state
motions of this system. Next, these solutions
are used to find design equations expressing the

Fig. 1 - Orbital actuator motions of important points on the blade/shaker
assembly as functions of time and system pa-
rameters. Finally, some illustrative examples

entire cavity length, because the cavity diameter for the prototype orbital actuator are presented.
is large, and because the roller and cavity have The results suggest further problems that should
centers of curvature on the same side of their be considered.
common boundary. This design also allows
balancing weights to be added to either end of
the horizontal member to adjust the location of ASSUMPTIONS
the actuator mass center. If the mass center
is brought near the center of the cavity, nomi- One of the basic assumptions underlying the
nally circular translational blade motion re- analysis is that useful information about the
suits; by shifting the balancing masses, various motions of points on the actuator can be obtained
desirable combinations of translational and ro- by studying the zero-soil-force, zero-bias-force,
tational blade motion can be obtained. The ac- steady-state inertially forced motions (the
tuator is suspended by rubber shear sandwich "free" motions) of the system. This assumption
mounts located near the ends of the horizontal is justified both by knowledge of general vibrat-
member. These mounts can transmit the re- ing systems and by previous experience with
quired support and bias forces to the actuator vibrating plows. Note first that harmonic force
while providing vibration isolation between the amplitude exceeds maximum design soil
actuator and the vehicle frame, strength and maximum available bias force.

For example, in the design of the orbital actu-
An important feature of this design is its ator, the values chosen for these quantities

simplicity. The desired orbital motions of were 300,000 Ibs, 50,000 lbs, and 5000 lbs
points on the blade are developed naturally by respectively. Force ratios like these imply
the interaction of the rotating force (which is that the system is inertially limited (as opposed
simply generated by the single-eccentric-roller to spring or friction limited); and inertially
shaker) with the mass of the blade/shaker as- limited, forced vibrating systems have vibration
sembly. Motion-constraining linkages and bias amplitudes that are virtually independent of
or auxiliary support force-applying mechanisms damping.* Also, previous experience with the

*For example a critically damped single-degree-of-freedom linear system that is forced at five
times its undamped natural frequency has an amplitude that is 92.3 percent of the amplitude of a
similarly forced undamped system.

68



design and testing of smaller vibrating plows of the entire orbital actuator. In the equilibrium
has shown that useful characteristics of the position, P is a distance d below and h in front
motions, such as vibration amplitudes and bear- of 0, while G is c below and rH behind 0. The
ing loads, can generally be satisfactorily esti- distance between 0 and G is dented by f.Rller

mated by neglecting soil and bias forces and eccerct 0C is denoted by i. adheriu
consderng nlythesteay-sate inrti lyeccentricity OC is denoted by e, and thc radius

considering only the steady-state, inertsa.ly of the solid roller by 15e. Fixed orthogonal X
forced motions.

and Y axes are taken with positive directions

This approach should not suggest that the forward and upward respectively. The angle of
effects of relatively small quantities (such as rotation of the actuator is denoted by o and isadvance per cycle) can always be ignored. But, taken as positive in the forward into upward
even when relatively small quantities are of sense. The relative rotation angle of the crank
ineet, whe retel smas quaies re profe is called *, and is measured in the positive o
interest, the free motions studied here provide direction from a downward line through 0. It
a convenient and usually adequate basis for their equals wt because constant relative angular ve-

locity is assumed, where w is the angular ve-

Another assumption is that the shaker/blade locity and t is time. The mass of the roller is

assembly acts like a rigid body. Calculations m, while the combined mass of the shaker
showblade assembly and the balanced rotating massis m. The radius of gyration of mass m about
shaker/blade assembly is about 330 Hz. Since G is b, while that of the solid roller about its
the maximum crank speed of the actuator is only
about 80 Hz, the maximum ratio of forcing to cener, C, is i~e/4.

natural frequency is about 0.24. This low ratio We denote the X and Y displacements of
justifies the rigid body assumption, point 0 by x and y respectively, and use x and

It can also be assumed that elastic and dissi- y with appropriate subscripts to denote the dis-

pative suspension forces can be neglected. The placements of other points. Then in terms of
natural frequencies of in-plane vibration of the x, y, 0, and %P, the mass centers 6 and G have
(rigid) shaker/blade assembly and its support displacements
structure (through the mounts) are all less than
10 Hz, while the lowest steady-state running x C = x + e sin(* + 0) (la)
speed is 40 Hz. Thus, the steady-state inertia
forces greatly exceed the elastic and dissipative y + e[1 - cos ('F + M (lb)
suspension forces, and the suspension forces
can be neglected.

and
The eccentric roller is assumed to roll on

the bearing race without slipping. This assump- xG =x - cos(+))+ rcos-, (Ic)
tion is reasonable since the high normal contact
force and the absence of any restraint on roller - c sin(lo +-,)+ F sin (1d)
rotation insure that the available friction force YG = y

always exceeds the tangential reaction necessary
to prevent slipping, where is the polar coordinate angle of G,

measured from a rearward line through 0.
The design analysis also neglects gravity

forces. This is justified by the usually low ratio
(about 0.0004 for the prototype actuator) of DERIVATION
roller weight to steady-state centrifugal force.

D'Alembert's technique is used to develop
Finally, the angular velocity of the crank with the equations of motion because it simplifies the

respect to the shaker/blade assembly is as- algebra by eliminating internal forces and al-
sumed to be constant. Previous experience with lowing a choice of moment center that uncouples
eccentric-weight shakers and study of an analyt- the rotational equation from the two translational
ical model [151 suggest that the assumption is ones. Fig. 3 shows the appropriate free-body
reasonable. The justification for the present diagram. The accelerations have been com-
case follows directly from measurements and puted by differentiating Eqs. (la-ld), by noting
from numerical solutions of the start-up equa- that ) is constant, and by using the assumption
tions presented in the companion paper, of rolling without slipping. (Note that separate

inertia forces and torques are not shown for the
balanced rotating mass. Since this mass is only

NOTATION a small fraction of m, and the relative crank
speed in the steady state is virtually constant,

Fig. 2 shows the idealized system with the this procedure is sufficiently accurate.)
coordinates and symbols used. Point 0 is the
center of the bearing, point P is the tip of the Since there are no externally applied forces
blade, point G is the combined mass center of or torques acting on the idealized system the
the shaker/blade assembly and the balanced dynamic equilibrium equations contain only the
portion of the rotating mass point C is the cen- appropriate inertia force terms. The two trans-
ter of the roller, and point E is the mass center lational equations are force sums in the X and Y
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Fig. 2 - Idealized orbital actuator

directions, while the rotational equation is a mo- and
ment sum about point E, the instantaneous mass
center of the system. Since the moments abouE of the K and Y inertia forces at C and G are b0+a
equal and opposite, the rotational equation is not2
coupled to the other two. After cancelling an m, F .21]F
the three equations of motion become + [ae'I + 0) L--£Cos (7 -

( I + a); - ae( *l + )2 sin ( *I + 0)+ [ae( + 1)]Ie - e s n 0 4

+ ae(4' + 0) cos (*1 + 0) + 00e) cos (0 +) ri()2 0' e1o
+ cF) sin(O + ) 0, (2) [T a~2 j-- ecs( 1

(1 + a) + ae4q + +) cosj ('c -)+[e e sin 6 40 0. (4a)

4 + ae(4' +0;) sin (*1 + 0) + c(6)2 sin (0 +
By gathering terms, Eq. (4a) can be written in

£0Cos (0 + ')0, (3) the form
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2 / 2 c is small, then the forced periodic part of angu-
f _P _ + 0''e2 sin(-,) lar displacement, 0, will also be small. This is

1 + a 1 + a in accord with physical intuition since it is ex-
pected that rocking amplitude will become

cos ( + VP 2 cos "r sin (I smaller if any of the factors in the numerator
1+0 + a of "a" decrease or if the factor f 2, in the de-

- 2 c(4 nominator increases. Thus, rocking amplitude
So ( ) - 40 0 (4b) is small if: eccentric mass fraction, a/(1 + a),

1 + a is small; roller eccentricity, e, is small; offset,
c, between the center of applied rotating force

where the positive quantity, f (called augmented and the center of driven mass is small; or if
radius of gyration), defined by radius of gyration, b, of m about G, or aug-

mented radius of gyration, f, is large.

f2 b2 + a + 2 + 2 (4c) The quantity "a" is small for the prototype
2 1 + a 1 + a actuator, and we expect it to be small for any

foreseeable cable plow design. In the perturba-
exceeds the radius of gyration, b. Finally, the tion solution that follows, "a" is assumed to be
assumption of constant relative angular velocity small although the factors making it small are
is used to simplify these equations, giving not specified. Whenever products of "a" and

any of its factors appear, the order of the term

ae (w b2 is considered to be the power of "a." This pro-
S + 9)2 sin (wt + 0) cedure guards against dropping terms that may

1+a be significant for some configurations at the
price of making the solution somewhat more

- ae cos (cot + 0) complicated.
1+0

Thus, the steady-state solutions are:
- B 2 Cos (0 + 7) 2 +.. (a

1 +a a x(t) =x(t) + axl(t) + a x 2 (t) + (9asin (+),(5yt)= +...

0 sin (0 + 1), (5) y(t) = y 0 (t) + ayl(t) + a2y 2 (t) + ... (9b)
1--a

ae w 2 0(t) = a01 (t) + a 2 02(t) + ... (9c)

1 +a

where the xi, yi, and 9 i are periodic functions
I - sin (cot + 9) of t, with least period equal to 2r w, the time
1 + a for one crank revolution. Substituting Eqs. (9a)-

(9c) into Eqs. (5)-(7), expanding the trigonomet-
b2 sin (0 + ~ric terms in 0 in power series, and grouping

+a terms of the same order together gives

;Cos (0 +.y) (6) x 0 +ax I + a 2
+ la0 1

and = ae co2 sin ot +a L 29 cos cot

ae+ w 2 + 2w) Cos (Wt- ) + 2w6 sin cot - cos cot- r si

f2 (I + a) I I +aj

+ 29 sin (cot - <)] . (7) + a2[ a 2o 2 sin ot + 62 sin cot

2

SOLUTION + 2w69c os t - W 2 - sin wt

Equation (7) suggests that if the dimension- + W2 Cos Wt -
less quantity 2 2 cos wt + 1 sin A

E ; 2 cos ) +2i)+11o~
a - aec (8) 1+2 sin) + 0 1 cos

f2 (1 + a) (10)
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" + +_ ae sin (2cot-)
+ ay + a y2  2 1+a

) e 2 Cos A]t + a~a l 2 0 sin co + e Cos, )Cos (cot - (1c
- + cost l 1in -t 1 1a+a 2() _a

2w a 0 -0 C os cot - O0 1snA + Cos 2c 1 s + a 02 (t) -a 2 sin (2wt - 2) (1 5a)

a [tx 2(t) a + sin t + sin (t - 2)

20 sin wt + 2 + - sin (3ot - 2-)s2in t c os wt

2 + _ 3 cos (2cot -
+ co202 sin ct - 02 sin ot - 0101 Cos cot( 1 + a 1 8

IE 2 +1 + 1 cos (2t - 3) (15b)+ -01 sin ) + 02Cos 10- sin 8

(11) a 22t = a2 ae__ cos cot

acos (wt - 2 )

au1 + a 2 2 + a3 
3  8  1_ o 8 cs(3cot21 )1

= a c2Cos (cot -
+a I sin (2wt -

- a2[2co0 1 cos (cot - 1) + 201 sin (cot )j -- sin (2cot - 3) (15c)

- a3 cos (ct - + 22 sin (ct - a 3 03 = a os (ct - 1 cos (3cot - 3)]
(12) (16)

Once the displacement components of 0 and
Equation (12) can be solved sequentially for 01, the rotation angle 0 are known for the steady-
02, ... independently of x and y. Equations state, zero-suspension force, zero-bias force,
(10) and (11) can then be solved sequentially for zero-soil force case, the corresponding motions
x0, y0 ; xl' yl; ... after the corresponding of the blade-tip (point P) and of the centers of

order solutions for 0 have been found. the front and rear supports (points F and R) can
be found from Fig. 2 by using the rigid-body

Carrying these solutions out gives the peri- assumption:
odic steady-state motions: Xp = x + d sin 0 - h(l - cos 0) (17a)

xe(t) = - a- sin ot, (13a) yp = y + d(1 - cos 0) + h sin 0 (17b)I0(t)

Y0 (t) = a cos cot ; (13b) and
xF, R = xg l (1 -cos 0)-d 1 sin 0 (18a)

a0 1(t) = a cos (cot -)1), (14a)y~ygsi0d( cs) (1b
aO,() =a cs (t (4a)YF,R = y ± gl sin 0 - all(1 - cos 0) (18b)

ax(t) = -a l- cos (2ot -
12 1+a Gwhere d I is the common height of F and R above

+ c sin I cos (cot -), O, g is the horizontal projection of the equal
+ distances between F or R and 0, and the upper

signs are associated with point F and the lower
(14b) signs with point R.
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DESIGN EQUATIONS __ 2
For many design purposes, Eqs. (9) and (13)- YFd'Rd (t) T--- f2(1 + a) Co wt

(18), which express the periodic, steady-state,
free motions of four important points on the ac-
tuator, can be further simplified by neglecting + / 9 (21b)
the higher order displacement terms. Terms - g 1
that are the products of small rotation angles -)

and large arms must be retained, however,
since they contribute appreciable displacement To the same order of accuracy, the normal re-
components. action at the bearing surface is constant and

To carry out these simplifications, note that, given by
for the prototype actuator and for foreseeable
cable plow designs, the quantities ae/f, dl/f, 2ameu2
and h/f are small compared to 1, the quantities RN d  1e (22)
d/f and gl/f are of ordinary magnitude, and the
quantity E/f may either be small or of ordinary Two other quantities of interest in design are
magnitude, depending upon the size and arrange- the horizontal amplitude at the blade-tip,
ment of the balance weights. Thus, neglecting Xo,
aE/f, dl/f, h/f, and "a" in comparison to 1, the and the amplitude/frequency product, wXo. De-
components of e in Eqs. (9) and (13)-(18) can sign values can be derived for these quantities
be used to obtain the following design parametric by using Eqs. (19a) and (22):
equations for the elliptical trajectories of points
0, P, F, and R. These design quantities are in- ae
dicated by the additional subscript, d. X _ - A, (23a)

°d 1+a
(t) ae 1 A, (23b)

1+ f 1( +1+or

+ aH cos Wt (19a)
f2 ( ) (X) - d /A A (23c)

y 0 (t) = e cH or

f2(1 where A is defined by

[((t) - V 2 V2 sinwt[_1Xd I +a l---- f -()) A =/{1 d- L - + . .
f2 f21+a Lf2 f2(l J )

-(
d H  VcH ' Cos t] (20a) (23e)

f2  f2 (1 + 0) ILLUSTRATIVE EXAMPLES

Yp d(t) = YOd(t) ; (20b) The use of these design equations can be il-
lustrated by applying them to the prototype actu-

ator in two steps. First, it will be shown how
and roller unbalance, ame, can be chosen. During

this step, total actuator mass and actuator mass
XF Rd (t) = x0 (t) , (21a) distribution are held constant so that the parame-

Fdd d ters m, f, eV, cH, and 1 + a remain essentially
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constant. Then, the effects of changes in total Table I compares four roller designs. In all
mass and mass distribution are shown by keep- cases, roller length is 16.25 in. and the inside
ing roller unbalance constant and examining diameter of the cavity is 13.75 in. These dimen-
four limiting mass distributions. sions correspond to those used on the prototype

actuator. Case 1 shows the roller actually used
in the prototype. It is steel and has the largest

Roller Unbalance possible diameter that will still leave room for
a central shaft to carry the roller drive arms.

Examination of Eq. (23b) shows that the Case 2 considers a steel roller half the diame-
amplitude/frequency product, wXo, increases as ter of the one actually used. Case 3 is a steel

roller with a diameter two-thirds that of thethe square root of roller unbalance, ame, when cavity, a value that maximizes roller unbalance
design bearing load, RNd, and system mass but requires a more complicated drive arrange-
and mass distribution parameters are fixed. ment, since it prevents the use of a central
Furthermore, a large blade-tip amplitude,/ drive shaft. Case 4 is a roller of the same di-
frequency product is desirable since plow ameter as the one actually used but made of a
penetration rate is approximately a linearly (considerably more expensive) high density ma-
increasing function of the amplitude/frequency terial that doubles roller mass. For each pa-
product (as implied in References [41-[61 and rameter, the entries are ratios of the values to
1101 -[14]). those of Case 1.

TABLE I

Four Cases of Roller Unbalance
Roller

Case No., Roller EcceUnbalance Crank Speed Amplitude/Roller Dia. Sketch Mass nand Ratio for FrequencyEccentricity Ratio Ratio Amplitude Same Design ProductRatios Bearing Load Ratio

d = 6.00 in. d 1.00 1.000 1.000 1.000 1.000

e = 3.875 in.

2

d = 3.000 in. d 0.250 1.388 0.347 1.695 0.590

e = 5.375 in.

3

d = 9.167 in.
2.33 0.591 1.375 0.854 1.175

e = 2.286 in.

4

d = 6.00 in.
2.00 1.000 2.00 0.707 1.414

e = 3.875 in.
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For example, Table I shows that if roller because it shows a 41-percent increase in the
diameter is reduced by a factor of 2 (Case 2), amplitudeifrequency product. Again, the in-
roller mass decreases by a factor of 4, eccen- crease is underestimated because allowance for
tricity increases 39 percent, roller unbalance the 29-percent reduction in design crank speed
and blade-tip amplitude decrease 65 percent, has not been made.
design crank speed for a constant bearing load
increases 70 percent, and the amplitude Thus, when shaker-bearing capacity limits
frequency product decreases 41 percent. The the design, the greatest practical roller unbal-
70-percent increase in crank speed would re- ance should be chosen since it gives the great-
duce the allowable design bearing load from est amplitude, frequency product, the greatest
that of Case 1 and cause an additional decrease design blade-tip amplitude, and the lowest de-
in tht mplitude. frequency product that is not sign crank speed.
refle, ed in Table I. Case 3 (roller diameter
2/ 3 oi cavity diameter), which leads to the max-
imum possible amplitude frequency product Mass Distribution
with a steel roller, is seen to have a much heav-
ier roller but a smaller eccentricity than Next, effects of changing total mass and mass
Case 1, so that the amplitude frequency product distribution are illustrated by examining four
increases by only 18 percent. Here the increase mass distributions attainable with the prototype
is underestimated slightly, since the 15-percent actuator. Fig. 4 shows the idealized dimensions
decrease in design crank speed would allow a and mass distribution used in the calculations,
small increase in design bearing load. Case 4 and Table II lists the parameters for the four
(double-density roller) is the most dramatic cases. Case 1, the stripped actuator, consists
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ECCENTRICITY = 3.875
ALL DIMENSIONS IN INCHES

Fig. 4 - Idealized dimensions and mass distribution for
prototype actuator with balance weights removed
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TABLE II

Four Mass Distribution Cases

X0 , w, and )X oCase Sketch Parameters for Support Center Orbits
No. RNd = 300,000 lbs

Stripped CH = 2.34 in.

4F 0 fit V = 6.46 in. Major Axis 0.562 in.
= 6.87 . X0 = 0.1603 in. Minor Axis 0.333 in.

1 = 7005' w = 505 rad/ sec Area 0.588 in. 2

2 wX 0 = 81.0 in., sec Perimeter 2.86 in.
P f= 440 in. Controlling* Front

a 0.00591

ae/(l+a) = 0.379 in.

Balanced CH = 0 in.

- 1. A+ v 1.475 in. Major Axis 0.244 in.
-- 1.475 in. Xo = 0.218 in. Minor Axis 0.230 in.2 ~=90o

2 894 in.2  L = 494 rad/sec Area 0.176 in. 2

2 895 in. 2  coX° = 107.8 in./sec Perimeter 1.49 in.
f 895 i. Controlling* Front

a = 0.000390

ae/(l+a) = 0.2365 in.

Front Mass CH = -13.79 in.
E = 1.475 in..F 0 + 18 Major Axis 0.462 in.

C= 13.87 in.

' = 173.9 X0 = 0.307 in. Minor Axis 0.238 in.b2 = 699 in. 2  
w = 499 rad sec Area 0.346 in. 2

f2 = 712 in. 2  WX0 = 153 in. see Perimeter 2.26 in.
p a = 0.00461 Controlling* Rear

ae/(1+a) = 0.2365 in.

Rear Mass CH = 16.61 in.

p E v=l. 4 7 5 in. Major Axis 0.559 in.
= 16.67 in. X = 0.369 in. Minor Axis 0.238 in.

)= 5.08' 0
S613 

2  w = 494 rad sec Area 0.419 in.2

- 631 in.2  wXo = 182.3 in., sec Perimeter 2.61 in.

a = .064Controlling* Fronta -- 0.00624

ae/(l+o) = 0.2365 in.

*The support-point trajectory parameters are listed for the point with maximum excursion.
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of only the 1200 lbs of blade, bearing hous- weight are at tile front; in Case 4, the 800 lbs
ing, and support structure. Case 2, the bal- are at the rear.
anced actuator, has an additional 800 lbs of
balance weight split between the front and The steady-state absolute trajectories
rear locations so as to position the mass traced by the blade-tip, P, the bearing center,
center, G, close to and directly below the 0, the front support center, F, and the rear
rotation center, 0. Cases 3 and 4 are un- support center, R, are shown for each of the
balanced: in Case 3, the 800 lbs of added four cases in Figs. (5a)-(5d). The same vertical

Fig. 5a - Orbits for stripped plow

Fig. 5b - Orbits for balanced plow
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Fig. 5c -Orbits for front mass plow

Fig. 5d -Orbits for rear mass plow
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and horizontal scales are employed throughout Now consider the balanced actuator (Case 2,
to show true geometric properties and to per- Table [1). Addition of the 800 lbs of balancing
mit easy comparisons, mass has three immediate effects: it brings

mass center, G, appreciably closer to rotation
Before comparing the four configurations, center, 0, thereby reducing the moment arm of

consider the reasons that led to investigating the rotating force and causing a decrease in
the effects of adding balancing masses. First, rocking torque amplitude; it increases the cen-
the blade-tip motion is the superposition of the tral moment of inertia, nib2; and it increases
motion of the mass center and rigid-body rota-
tion about the mass center. Also, the actuator total system mass, causing a decrease in eccen-

is an inertially limited system. Thus, the mo- tric mass fraction, a/(1 + a). The first two ef-

tion of the mass center is out of phase with that fects tend to reauce the horizontal component

of the roller; for example, the mass center is of rocking motion at P. The third effect, how-

at its rearmost position when the roller is at ever, tends to decrease the amplitude of mass

its forwardmost position, center motion, thereby reducing the horizontal
blade-tip amplitude. For the balanced actuator,

The motion at the blade tip produced by ro- the mass addition decreases mass center ampli-

tation about the mass center depends on the tude from aei(I + a) = 0.379 in. to 0.237 in., but

relative locations of points 0, G, and P, the net horizontal blade-tip amplitude increases

force center, the rotation center of the actuator from X0 = 0.160 in. to 0.21P in. With a design

body, and the point whose motion is to be found, bearing load, RNd, of 300,000 lbs, and with
For the stripped prototype actuator, and for
practical shaker/ blade configurations without allowance for the small change in the quantity
added mass, these points essentially lie along 1 + a, the addition of the balancing masses in-

a vertical line with G between 0 and P. The creases the amplitude/ frequency product from

reason for this orientation is that the massive 81 in.,/ sec to 108 in./ sec, an increase of

blade must be mounted underneath the shaker. 33 percent.j

For this orientation, the peak forward compo- A further increase in the amplitude/frequency
nent of rotational motion of P occurs when the product can be obtained by using unsymmetric
roller is at its forwardniost position because, configurations of the balancing weights. When
at this instant, the torque on the inertially all the added mass is at the front (Case 3 in
limited system is peaking in the direction that Table II), point G lies approximately along the
would produce rearward dispcement, Thus, horizontal line between 0 and F. Because of
the horizontal component of rotational displace- this horizontal offset, the rocking motion con-ment is out of phase with the horizontal compo- tributes an additional vertical displacement

nent of mass-center displacement, and an effect compoen tonvmotion of peet
of rotation is to reduce horizontal blade-tip component to the motion of P. The result is to
amplitude.* cause P to trace a downwardly tilted ellipse in

inertial space as shown in Fig. 5c. For the

By adding balancing masses, the location of rear mass case (4), G lies approximately along

the actuator mass center can be shifted, and the line between 0 and R, and the inertial path

both the phase and amplitude of the motion of P of P is an upwardly tilted ellipse, as shown in

can be modified. Thus, by investigating the ef- Fig. 5d.

fects of balancing masses, an arrangement may
be found that either eliminates the destructive Table II shows that the rear-mass configura-
interference between mass center motion and tion produces the largest amplitude, frequency
rotational motion or perhaps even produces con- product of the four mass distribution cases
structive interference, considered. This product is 2.25 times that of

*An instructive heuristic derivation of the equation predicting the reduction in horizontal displace-
ment amplitude caused by rotation is suggested by this discussion. The torque producing the rock-
ing has an amplitude equal to the product of centrifugal force, RNd, and the arm, i V . The rotation

amplitude equals the torque divided by the product of central moment of inertia, mb 2 , and square of
2

circular frequency, w . Finally, the reduction in displacement amplitude is the product of rotation
amplitude and the arm, d - EV . This gives

(RN d EV) (d - V) (ae) (Ev)(d - EV)

ib 2W2 (1 + a)b 2

which, for b f and EH = 0, agrees well with the value obtained from Eqs. (23a) and (23e).

tThe addition of balancing masses may also increase ability to dislodge buried obstacles. If the actu-
ator is rigid enough, the momentum transferred to the obstacle during impact would be greater since
both actuator mass and central moment of inertia increase with the Addition of the balancing weights.
See Reference [91 for a discussion of this effect.
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the stripped configuration and 1.69 times that of distribution, geometry, and design bearing load
the balanced configuration. Furthermore, the remain constant.
shape of the blade-tip trajectory is more desir-
able in the rear mass case than in the other The steady-state solutions were also used to
three cases. One reason is that it provides study effects of changing total actuator mass
reasonably steep upward cutting for all practi- and mass distribution. It was shown that the
cal ratios of advance-per-cycle to horizontal addition of balancing masses to the stripped
amplitude. By way of contrast, the narrow, configuration changes the blade-tip orbit from
downward-tilted elliptical orbit of Case 3 pro- a narrow ellipse with a nearly vertical major
duces upward cutting for only small values of axis to a nearly circular ellipse, wider by
this ratio. Another advantage of the Case 4 36 percent; the mas.- addition also reduces the
P-orbit is that the ratio of perimeter to horizon- absolute displacement amplitudes at the mounts
tal projection is relatively small. This suggests by a factor of about 2. Since this mass addition
that losses due to skin friction will be compara- increases the amplitude frequency product by
tively low. Thus, from a penetration rate point 33 percent, the analysis shows that the balanced
of view, it may be concluded that the rear-mass configuration is more desirable than the stripped
configuration offers significant advantages, configuration.

Fig. 5 also shows the inertial paths of the Two unbalanced configurations were also

centers of the mounts. These trajectories indi- considered, one with all additional mass at the
cate the relative displacements expected across front and the other with all additional mass at
the mounts, and therefore the magnitude of the the rear. The rear-mass configuration was
design problems associated with the mounts, shown to have a very desirable blade-tip orbit.
The properties of the controlling mount-center The horizontal projection of this orbit is 69 per-
trajectory for each case are summarized in cent greater than that of the balanced configura-
Table II, which lists major and minor diameters, tion and its narrow, upwardly tilted, elliptical
areas, and perimeters. In going from the shape produces upward cutting for all practical
stripped to the balanced mass case, peak dis- ratios of advance-per-cycle to horizontal ampli-
placement at the mounts is reduced by a factor tude. Relative skin-friction energy dissipation
of about 2. For the front and rear mass cases, is also less for this orbit than for the other
the displacements at the mount near the mass cases studied.
center are reduced still further, while those of
the more distant mount are increased. However, One disadvantage of the rear-mass configu-
the controlling orbits in these cases are approx- ration is the relatively large displacement
imately the same size as those for the stripped amplitude at the front support. In future de-
configuration. Initial tests on the prototype ac- signs, however, it may be possible to relocate
tuator indicate that satisfactory mount life under the front support to reduce the displacement
steady-state conditions can be attained for any amplitude across it. This aspect of the rear-
of these orbits. Therefore, mount endurance mass configuration should not present a severe
need not be the cortrolling factor in the design problem.
choice of a suitble mass arrangement. In view of these results, both the rear-mass

and tie balanced configurations deserve serious

consideration in ongoing development efforts.
A problem with a rear-mass configuration

Equations were found which describe the plow is anticipated during start-up. As crank
zero-soil-force, zero-bias-force, periodic speed increases, it passes through a range cor-
steady-state, inertial motions of points on an responding to the natural frequencies of the
orbital actuator as functions of system mass actuator/mounts, support structure system. If
distribution and geometric parameters, driving motor torque is low, it is possible for

the roller to "lock in" at these resonant fre-
Two applications of these equations in plow quencies and to run in this speed range long

design were illustrated. First, four cases of enough to cause unacceptably large displace-
roller unbalance were compared. It was shown ments. This tendency has been observed in the
that the largest practical value of roller unbal- balanced prototype plow, and it is expected to
ance should be chosen because the blade-tip be more severe with the plow in tile rear-mass
amplitude, frequency product (a measure of configuration. This problem requires further
penetration rate) increases as the square root analytical study before experiments are under-
of roller unbalance when actuator mass, mass taken with a rear-mass configuration plow.
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TRANSIENT MOTIONS OF ORBITAL CABLE PLOWS

Louis J. Scerbo and Martin Senator

Bell Laboratories
Whippany, New Jersey

The following paper investigates the transient start-up motions of a
single-eccentric-roller-driven orbital actuator designed to drive vi-
brating cable plows. Three special mass distributions, which have
desirable blade-tip orbits in the steady state, are studied in detail.
The differential equations of motion are developed and solved, and the
numerical results are used to predict inertial and relative displace-
ments at various points in the system. These displacements are used
to evaluate the capability of the suspension system.
It was found that, for certain combinations of applied torque and mass
distribution, resonance at the highest natural frequency produces con-
stant, repetitive motions. This "lock-in" is characterized by large
displacements which are unacceptable to the simple suspension sys-
tem. It was also found that lock-in is controlled by the magnitude of
the applied torque and can be avoided by applying a torque which ex-
ceeds a specific critical value.

INTRODUCTION A companion paper [5] investigating the
steady-state motions of an orbital actuator

The plowing of a temporary opening in the shows that a rearrangement of the actuator's
earth is often an economical and ecologically at- mass distribution increases the amplitude/
tractive alternative to customary burying tech- frequency product and thus enhances the po-
nology (trenching, backhoeing, etc.) in the instal- tential penetration rate. By adding or moving
lation of utility cable and gas pipe. A vibrating balancing weights, thL mass distribution can be
cable plow currently being designed for this changed from the usual low mass-center con-
purpose uses an orbital actuator driven by a figuration either to a balanced configuration
single-eccentric roller. (with the actuator's mass center near the center

of excitation) or to a rear- or front-mass con-
Investigators have shown that vibration reduces figuration. Although adjustment of the mass

the average applied bias force needed to pene- center increases the amplitude/frequency pro-
trate the earth. The work of Senator and Warren duct and produces desirable changes in the
[11, Nalezny [2], and Scerbo and Pope [3) has blade-tip motions, it also emphasizes problems
shown experimentally and a..alytically that some associated with the actuator's transient response
combination of a vibrating plow share's hori- during start-up. Under certain conditions, the
zontal and vertical motion promises significant roller can "lock in" at the actuator's natural
drawbar reductions. In order to implement this frequencies, producing unacceptably large dis-
motion for full-scale in-situ testing, an orbital placements.
actuator has been designed, built, and tested in-
air at Bell Laboratories Chester location. The In the following paper, the orbital cable
details of the design are given in Ref. [4], plow's differential equations of motion are de-
and an isometric sketch of the actuator is shown veloped and solved for the transient start-up
in Fig. 1. The actuator consists of a hori- condition, and a numerical integration technique
zontal member rigidly attached to a forward- is used to find the transient and steady-state
raked blade. A cavity in the horizontal structure motions. The problem of lock-in (and the re-
contains a roller whose motion produces the high sultant displacements at the blade tip and across
rotating force imparted to the actuator, the mounts) is investigated in detail for the
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SANG computational convenience. This model is used
WEIGHTS to simulate the orbital actuator running in the

in-air test facility at the Chester location.

In the balanced configuration, GI, the mass
ROLLER center of the actuator, is directly above G2 ,
CRANKA the mass center of the frame. However, when

Aweight is shifted to the front or rear, G1 and
G2 are offset horizontally from each other so
that, with a fixed roller, the vibrating system
has six degrees of freedom. Three of these
vibrational degrees of freedom are at very low

I ;Pfrequencies (dependent upon grounding spring
0,; a 0elasticity and configuration) and can be ignored.

SOFT The remaining three frequencies and theirSUSPENSION

) MOUNTS corresponding mode shapes are determined by
the stiffness and configuration of the springs

-ROLLER connecting the two masses, M 1 and M 2 , and by
0the distribution of mass. These frequencies

and the mode shapes of their relative motions
BALANCING 7 directly affect suspension system life. Although

the idealized system with a fixed roller can be
linearized by assuming small angular rotations,
the varying angular speed of the roller and its
continuously changing position introduce an es-
sential nonlinearity.

BLADE The basic simplifying assumptions of the
analysis are that the bodies are rigid and that
the angular rotations of the actuator frame (0)
and supporting structure (6) remain small.
The rigid-body assumption is justified because
the lowest natural frequency which could cause
dynamic deformations of the structures is four

Fig. 1 -Orbital actuator to five times higher than the highest anticipated
operating frequency. The small-angle as-
sumption is justified by the low ratio of applied
torque to the polar moments of inertia of the
actuator and the supporting structure.

desirable unbalanced configurations. The dis-
placements predicted by the equations are then
compared to the capability of the suspension sys- ENERGY DISSIPATION MODEL-ROLLING
tem. FRICTION

The term RRF in the differential equations
DESCRIPTION OF THE MODEL of motion accounts for energy dissipation due

In simulating the nonlinear, in-plane, transient to rolling friction. Inclusion of such a term is
problem, the mathematical model used was that justified by in-air experiments which have
of an orbital actuator supported by a grounded shown that an additional 10 hp (not accounted
frame. As shown in Fig. 2, the model consists for by mechanical, suspension, or windage
of four main components. The first two make losses) must be supplied to drive the hakerthe orbital actuator itself: a rigid T-shaped in the steady state. If the rolling-friction force
actuator frame of mass M 1 with center of gravity is modeled as the product of a coefficient of

rolling friction times the nonoscillatory value
at GI and radius of gyration bl: and an eccentric of the normal contact force, RN, a 10-hp loss
roller excitor of mass aMi, rolling at an ec- at 2500 rpm can be accounted for by using a
centric radius, e, about the center, 0, of the coefficient of friction of 5.4 x 10-4. This
cavity in the actuator frame. A set of massless coefficient of rolling friction for hardened steel
nonlinear springs and dashpots acting at points rolling on hardened steel compares favorably
F and R models the suspension system. The with those given in Refs. 161 and (7].
fourth component of the model is a rigid frame Therefore, the mechanism for rolling-energy
of mass M 2 with center of gravity at G2 and dissipation is modeled as a frtctic..al force
radius of gyration b2 . The outer frame is coupled (RRF) acting tangent to the bearing race, with
to ground by a set of very soft springs and dash- a magnitude of 5.4 x 10 - 4 times the instantane-
pots, which are included primarily for ous value of the normal contact force.
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Fig. 2 - Model of orbital actuator's in-air test facility

DEPIVATION OF THE DIFFERENTIAL By application of D'Alembert's principle to
EQUATIONS OF MOTION the main masses (the actuator and supporting

structure), and by summing both the horizontal
The differential equations of motion for the and vertical forces and the moments about the

seven-degree-of-freedom, in-plane vibrating displaced centers of gravity, six equations can
system can now be derived. The free-body dia- be written. These equations are in terms of the
grams for the actuator frame and eccentric seven system variables (x, y, 0, x 2 , y 2 , O, 4')
roller mechanism are given in Fig. 3. Some and four unknown internal reactions (RN. RT,
of the equations contain expressions in terms of
ei~y, which locates the center of gravity, G1, RB, RC). The internal reactions are related
with respect to the center of excitation, 0. The to the system parameters through the five non-
angles 0 and d are the angular rotations of the trivial differential equations of motion of the
actuator frame and the supporting structure re- crank-arm mechanism and eccentric roller.

*spectively. 4' is the angular position of the ro- The crank-arm mechanism's equation of motion
tating eccentric and instantaneous normal force in the radial direction is trivially satisfied.
vector, RN. The tangential, bearing, contact,
and rolling-friction forces are denoted by RT, After linearizing the displacement terms at

RB, C, ad RR resectielythe support points In accord with the small-angle
RB, C, nd RF rspetivlyassumption, introducing the following notation:
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Figure 3. Free-body diagrams
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tj sink - (y + 0 + 4')], a sin& + 0), M2 2 = -K(y 2 - yl)- K'(y 2 - yl)

11 COS[r - (Y + 0 + 4'], 6 = COS(Y + 0), - C(2- 'I) - K T(Y2) -CT(i2), (6)

and eliminating internal reactions, the seven
independent system equations are: M 2b = 2( - 0) - K'S 4 (p - 0)3

(1 + );1 - (ea + ae1?)0 - (ae)4 -CS 2 ( - -K( 2 + hq - xl)h

E66- ae(;) + )2 A + Js_ (x + ho'-x) K( 2 +h~ - 1 
3h ~ 2  p-i

+ 1 (X 2 +ho - x,) 3 + -( 2 + h- ), - 2 KTa 20 - 2CTa 24

S1 +KR(xl - L)M)L + CR(l - Lh)L

(1) (7)

(1 + a)yI - (e6 - aep)i + (aeii) These equations are nonlinear, even for small

displacements, because the driving force (RN)
_e62& ae(6 + )2/+ M- (Y2 - Yl) on the system is a gradually increasing function

of a system-dependent variable (4/). Thus, the
1 most practical analytical investigation of the

system's transient behavior is a numerical

K1 (Y2 Y (i2- l (2) integration of the differential equations.

LAi+ 61 (b 2 + E 
2 ) + o,00e +I /)l0 MINIMUM CONSTANT STARTING TORQUE

The differential equations of motion for the
[, e eccentric roller are based on the assumption
_(1 + that the roller does not slip on the inside dia-

meter of the bearing race and always remains
in contact with it. This implies that the normal

_ T + ge(cos Y - 6) contact force, RN, between the roller and race
is always positive. A positive RN can be satis-

fied only if the roller's centripetal acceleration

-[0.54 
2 - (1 + 3)2 x 10-3 sign j builds up rapidly enough to overcome the sepa-

1+a rating component of the gravitational force. If
the eccentric roller leaves the race, damage to

K 20 K S4) the hardware might result from impact, chatter,
-(¢ - 0) - K' $(¢ S2 ( .), and sliding contact problems when the roller

recontacts the race. Preliminary estimates

of the magnitude of constant applied torque
(3) needed to insure a positive contact force can be

obtained by introducing the simplifying as-
oneiS 1 4. ae 1 -. cae 2 ( 6- 3 a e 2  sumption of a step function torque input.

[ 2 2 The first revolution of the crank arm is

0 ae 2 (1 critical. During this time, the normal contact

0age 0.54 2 2 force, RN , is small compared to the trans-

lational inertia force terms, M 1 X1 and M11'

sign 4, and the torque magnitude, T, is very small
compared to the rotational moment of inertia

(4) M 0b O. Furthermore, with the exception of

0+3  crank-arm angular velocity, displacements and

M2 2 =-K(x2 + hgp - x, K( + - velocities obtained during the first revolution
are small. Therefore, a first order of small-

-C 2 + h - ness model will include X1, Y , P and 4' terms:
terms containing 0, 0, e, : 1 ,X, X ' Y1 will be

-KR(X2 - LO)- CR(x2- L~P), (5) set equal to zero. The free-body diagrams for
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this portion of the analysis are identical to those F

given previously. After simplifying this reduced
set of equations, a single second order differential
equation in terms of 4, is obtained:

6

S2sin IP+ T; (t >0+) , (8)5

where 4

3 1/4

2g T 2T

(3 + a/1 + a)e (3 + a/1 + a)M 1 e 2  2 )COS*

Eq. (8) is the equation of motion of a frictionless
compound pendulum driven by a step function of
torque. By a standard technique, the angular T#_.
velocity can be expressed as a function of torque -1 4 a M1410
amplitude and crank angle 4,:

-2

2 ( C s - )+ (9) -3COMPUTATION

2 4T* 12
-4 ;a 1 p0 V

T* 3
The torque necessary to insure a positive con- -V

tact force during the first revolution is obtained

by substituting the expression for 2 given in -6
Eq. (9) into the equation for RN. This equation is
obtained by summing forces in the radial di- -7 0

rection for the free-body diagram (Fig. 3B). 0 /4 V/2 3V/4 V

RN aM, (e4 2 + g Cos 4) (10) Fig. 4 - Graphic determination of
1 minimum torque

Combining Eqs. (9) and (10) and rewriting the
result for the limiting case RN - 0 in dimensional
terms gives a single transcendental equation in
terms of 4,, ,I0 .O

4 T4, 1  > 7 + a Cos • 150 0--------- O*

amIge 1+ a) 
1.04 T

The minimum value of T, denoted by T*, which 20
satisfies the equation for all 4, occurs when the
two sides of the equation are equal. Its value can 0
be obtained graphically by plotting each side of 90

the equation as a function of 4, and then adjusting
the slope of the left-hand term to satisfy the z
equation. This procedure, illustrated in Fig. 4, Go
yields:

T* aMg e  RN =0) ,0
TN

This result is very accurate. Several nu- 0 3 60 90 120 Iso

merical solutions of the exact equations showed
that no substantial difference was introduced #-ANGLE OF CRANK (EES)

when the second order terms were included.
Fig. 5 shows that when the condition T = T* was Fig. 5 - Numerical predictions of contact
applied to the numerical model, RN became force for various torque values
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negative at approximately 135 degrees: for However, other types of motion are also
T = 1.04T*, RN remained positive. This is sub- possible. When a low torque is applied to the

stantially what is shown in the approximation, kind of mass distribution that gives rise to
curves like plot 6B, the angular speed of the
crank locks in at a low resonant speed. This
results in high displacement-amplitude motions

NUMERICAL SOLUTIONS characteristic of forcing near resonance (see
Figs. 6B and 8). These motions are denoted

The integration routine for the numerical as "transient" because they occur at an angular
solutions was a sixth order Adams-Bashforth speed which should exist only in the transient
predictor, Adams-Moulton corrector routine response, yet they are "constant since, for
with fourth order Runga-Kutta starting and pro- repeated cycles, all points of the actuator trace
visions for halving and doubling of the integration identical paths. In these cases, input energy is
step size. A standard high efficiency matrix completely dissipated by the combination of
inversion package was used to solve for the indi- damping across the mounts and rotational
vidual derivative at each step. friction, leaving insufficient driving torque to

increase roller angular speed to its proper
Initial conditions for all numerical solutions operating value.

correspond to the system at rest in its equilib-
rium position with the roller at the bottom of the
actuator cavity. DISCUSSION OF THE RESULTS

The balanced, rear-mass, and front-mass These general results can be applied to the
configurations, which had shown desirable blade- three specific mass-distribution cases. The
tip orbits in the steady-state analysis, were in- response of the balanced configuration to step
vestigated numerically to determine their tran- torque inputs of practical magnitude is similar
sient start-up characteristics. Four types of to that given in Figs. 6A and 7 (terminating in
torque vs time (or angular speed) characteristics steady state). The system has a transient
were considered as variable parameters for resonant response at each of its natural fre-
each of the three cases. A step function, a linear quencies and nearly circular steady-state
ramp terminating at a constant torque, a double motions at the blade tip and suspension points.
step, and an exponential approach to a step
function were chosen to model torque-speed The transient response for the rear-mass
characteristics which could be obtained when case is that shown in Figs. 6, 7, and 8. The
starting hydraulic motor systems. The rate of rear-mass actuator exhibits either breakthrough
torque buildup was adjusted in each case to insure or lock-in, depending upon the applied torque
a positive contact force (RN) during the first amplitude. For torques below a critical value.
crank revolution, the system locks in at resonance (Figs. 6B and

8); for higher values, it breaks through and runs
The results are shown graphically in two ways: at design speed (Figs. 6A and 7). Although the

as a plot of crank-arm angular velocity (i) vs final shape of the blade-tip orbit is the same in
time: and as the computer-generated paths, simi- both cases (an ellipse with its major axis tilted
lar to stroboscopic illuminations, traced by points upward in the direction of penetration), the lock-
of interest on the actuator, either on the support in orbit is considerably larger than that obtained
structure or on a fixed plane in inertial space. in the steady state.

Fig. 6 shows two types of crank-arm angular The front-mass case is similar to the rear
velocity response: plot A shows a true transient mass except that it has a lower critical torque.
response terminating in steady state at the de- Also, its characteristic ellipse is tilted down-
sired operating frequency; plot B shows the tran- ward in the direction of penetration, and its
sient conditions resulting in a constant average lock-in frequency is lower. The difference in
crank speed much lower than the operating fre- lock-in frequency is linked to the fact that the
quency. During the transient for each type of system's highest natural frequency increases
plot, the crank-arm angular velocity levels off with increasing e(displacement of the center of
at three distinct angular speeds, which were found gravity with respect to the center of excitation).
to be in the neighborhood of the three undamped
natural frequencies of in-plane relative vibration. The maximum relative displacements across
Plot B shows that leveling off at the highest the suspension mounts occur during temporary
natural frequency (slower speed) is permanent. or permanent lock-in. An estimate of the dis-
This condi'.on is known as "lock-in." placement magnitudes was obtained by running

the three mass distributions with appropriate
As shown in Figs. 6A and 7, the traced paths constant applied torque to simulate both tempo-

for plot type 6A spiral out elliptically from the rary and permanent conditions. Steady-state
starting point and reach their greatest excursion solutions were also obtained for purposes of
when rotational speed approaches the highest comparison.
natural frequency of in-plane vibration. The
points then spiral in to approach the steady-state, The results, shown in Table 1, indicate that
almost elliptical paths corresponding to roller the maximum amplitudes of the transient motions
rotation at operating frequency, during start-up are 1.5 to 2.5 times larger than
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TABLE I
Maximum Amplitudes At Supports

Steady True ControllingCase Parameters State Lock-In Transient Support*

= 1.48 in.

Balanced = 90  0.237 in. Not 0.552 in. FrontMass b 2 = 894 in.2  
Observed

Tcrit = 3/7T aMlge

= 13.87 in.
= 173.9'

Mass 2 = 699in.2  0.462 in. 0.675 in. 0.670 in. Rear

Tcrit = aMlge

= 16.67 in.

Rear = 5.08'Mass b2 
= 631 in. 2  0.559 in. 1.198 in. 1.191 in. Front

Tcrit =9/5 aMlge

*Controlling support is support locatior with maximum excursions

those observed in the steady state. The rubber which had exhibited desirable blade-tip orbits
shear sandwich suspension system could tolerate in steady state. Maximum amplitudes at the
these motions only if they occur briefly during support points during the actuator's transient
start-up. However, these large motions persist response were found to be 1.5 to 2.5 times
indefinitely when the actuator locks in at reso- larger than the maximum excursions given by
nance. This mode of vibration is unacceptable the steady-state solutions (see Table 1).
for the simple suspension system and should be
avoided. Table 1 shows that by supplying a con- Constant motions, other than those predicted
stant torque which exceeds Tcritical, the actuator by steady-state solutions at the operating fre-
will not lock in at resonance and the objectionable quency, were found to exist for particular com-
amplitudes will indeed be transient. binations of applied torque and mass distribution.Analytic determinations of the system's un-

damped natural frequencies and correspondingThe shaping of the torque input curves was mode shapes showed that the combined vertical
shown to have very little qualitative or quanti-
tative effect on the results. In general, the sys- and torsional resonance of the system near or
tem's transient response was similar to its re- during lock-in is directly associated with the
sponse to the constant step torque inputs, though system's highest natural frequency. A method
more extended in time. The maximum amplitudes by which lock-in can be studied and avoided was
associated with the transients for shaped inputs developed.
were within ±5 percent of the results given in
Table 1, indicating that lock-in is substantially The prototype actuator's suspension system
controlled by the final magnitude of the applied was found capable of withstanding all the steady-
torque and is relatively insensitive to the de- state and transient motions except those resulting
tailed nature of the buildup. However, the buildup from the constant "transient" lock-in response in
must be rapid enough to insure a positive contact the front- and rear-mass configurations. It was
force during the first crank revolution, found that lock-in was governed by one system

parameter, the applied torque. The final magni-
tude of the applied torque substantially deter-

CONCLUSIONS mined the mode of vibration near resonance. By
adjusting the value of the applied torque, the

The differential equations of motion of an lock-in mode could be eliminated. The study
orbital cable plow were developed and solved thus indicates that the desirable steady-state
for the transient start-up condition. Numerical blade-tip amplitude frequency product offered by
solutions were obtained for the transient and unbalanced configurations is obtained at the price
steady-state motions at the support points and of a relatively high torque required to assure
at the blade tip for the three mass distributions breakthrough and operation at design speed.
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SHOCK WAVE INDUCED TRANSIENT PRESSURE ENVIRONMENT ABOUT
THE SPRINT II MISSILE CAUSED BY LAUNCH CELL EJECTION

Anthony J. Culotta
Martin Marietta Aerospace

Orlando, Florida

A subscale test program was conducted to ascertain the shock wave-induced pressure
loads imposed on the SPRINT II missile as it is ejected from a pressurized launch cell. Cell
pressurization was accomplished by means of a solid propellant gas generator. High response
pressure data was obtained on the sides and base of the model with and without the effect
of partially opened cell doors. Pressure data was also obtained within the launch cell and
eject performance is compared with theoretical predictions. High speed photographs of the
cell exhaust flow as the missile is ejected, with and without the influence of cell doors, are
also presented.

INTRODUCTION

When a missile leaves a pressurized launch tube, a shock
wave (termed a porting shock wave) will be generated as the
missile uncovers the mouth of the tube. This shock wave, driv-
en by expanding launch tube gas, will propagate into the ambi-
ent atmosphere along the missile surface. Although passage of
this shock wave is extremely rapid, the highly transient pressure
loads caused by the shock wave have become an area of con-
cern with respect to the structural dynamic response of the mis-
sile. Not only primary missile structure response to these shock
imposed loads is of interest, secondary structure and internal

missile components are also of concern.

Porting shock wave generation is independent of the means
by which the launch tube is pressurized. Pressurization can be
accomplished by missile motor ignition or by a gas generation
source. For the latter, the gas dynamic phenomena associated
with the firing of projectiles or the gun launch of missiles falls
within the area of intermediate ballistics. Prior investigation in
this area has been associated with gun tubes and the far field
effects such as noise and primary muzzle flash. With increasing Figure 1. Missile-Tube Door Configuration at Eject
interest in the gun launch of relatively fragile, fin-stabilized
guided projectiles, the near field environmental effects on pro- sysemit the incusion ofextes nlmp ffectsn the bo the
jectile performance and structural integrity must also be inves- system (with the inclusion of external effects), the base of the
tigated. For the definition of the porting shock wave, we are missile will clear the door edge by 6 inches minimum as shown

concerned with the near field effects. These effects are essen- in Figure i, Because of the proximity of the doors to the mis-
tially over by the time the emerging gas has traveled a distance sile during ejection, the porting shock wave can reflect off thest

on the order of several missile or projectile diameters. doors and back onto the missile structure with appreciable pres-
sure amplification. The existence of partially opened cell doors

If the projectile or missile has a simple geometric shape precludes accurate theoretical prediction of the pressure fieldabout the missile because of the multi-dimensional aspects of
and the area in the vicinity of the launch tube mouth is clean
(no flow obstructions), then analytical techniques are available the problem. For this reason, a subscsle lest program was per-
(References I and 2) which yield quantitative results on the formed to measure missile surface pressure-time history subse-
time dependent pressure field about the missile. However, for quent to missile porting with the influence of cell doors.
SPRINT II, the area in the vicinity of the tube mouth may not In addition to this surface pressure history, it was desir-
be clean. For nuclear hardening, environmental, and securityconsiderations, cell doors cover the launch tube mouth. Con- able to obtain base pressure history. Subsequent to missile ejec-

tion, there is considerable launch tube flow which is axially di-
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rected for a short penod of time. This axial flow will cause base To obtain insight as to the shock wave configuration sub-
pressure on the missile to take some finite time to decay to am- sequent to porting with the effect of doors, a water table flow
bient pressure. The interest in determining this decay time is analogy was used. With this analogy, a two-dimensional model
generated by the desire to delay missile motor ignition until the of the tube-missile-door configuration at the time of eject was
base pressure decays to ambient pressure, placed on a light table covered with shallow water. Generating

waves through the opened area between the missile model base
DISCUSSION and tube mouth qualitatively illustratd that shock wave reflec-

tion from the doors does occur. Photographic data of the shock
A. GAS DYNAMICS wave patterns were not obtained. However, Figure 2 shows an

illustration of the formation that was observed. Only the major
Certain gas dynamic phenomena are known to occur when waves are represented; smaller wavelets have been deleted for

the base of the missile uncovers the launch tube. With the ex- clarity. The initial water wave or simulated porting shock wave
pansion of launch tube gas, the porting shock wave will be in- is shown at t i. The arrows indicate the direction in which the
itially cylindrical, becoming near spherical at large distances shock wave is traveling. At t2 , a portion of the porting shock
from the shock wave origin. As the emerging tube gases expand, wave has reflected from the door. Total porting shock wave re-
there is evidence (References 3 and 4) that another shock wave flection has occurred at t 3, with imminent reflected shock im-
(termed a starting shock wave) will be formed in the expanding pingement on the missile surface. Multiple shock wave reflec-
gas. The existence of this starting shock wave is caused by flow tion between the door and missile surface occurs before the
overexpansion and has no analogy in steady flow expansions. shock wave system leaves the door vicinity as shown at t4 .
However, when this shock wave forms, the velocity of propaga-
tion of the porting shock wave is greatly effected. The probable
shock wave and gas-air interface configuration during the initial
phase of gas expansion is shown below.

PORTING SOCK WAVE

STAITING SHOCK WAVE

1.1

A very short time after missile ejection, sonic flow will be
established at the open annular area between the missile base
and tube mouth. The flow will remain sonic at this opened area
until the area becomes larger than the tube mouth area. When
this occurs, sonic flow will be established across the tube mouth
and gas flow momentum will be largely directed in the axial ra-
ther than the radial direction as shown in the following sketch.

FLOW

L I 1  ,- PLDARY Figure 2. Water Table Wave Patterns

Dow SHOCK Some estimate may be made, at least until shock wave re-
flection from the missile surface (t3 of Figure 2). as to the pres-

SONIC LINE sure history on the missile surface subsequev': to -ting. To
- - -,- ----- - N, accomplish this, blast wave theory was use ,tphical

results of Sedov (Reference 5). To use blaL . r, an
assumption must be made as to the amount of rele.. 'ergy

transmitting the porting shock wave. Since a large percentage of
the emerging gas momentum is directed against the missile base
when flow becomes choked at the t'.be mouth, it was assumed
that no additional energy was supplied to the shock wave after

Flow will remain sonic at the tube mouth at least for that tube mouth sonic flow was established. With this assumption.

period of time it takes a rarefraction wave to traverse the length an estimate was made as to the total energy of the emerging

of the tube, reflect from the bottom and again traverse the tube gas. Although this energy is released over a finite period of time

to the mouth. (the time from porting to sonic flow across the tube mouth),
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for purposes of applying blast wave theory to predict shock the jeference length will also be reduced by the same scale fac-
wave decay, the energy was assumed to he released instantane- tor.
ously. This corresponds to the shock tube situation where non-
instantaneous diaphragm removal can be simulated by instan- With the scaling parameters established, several methods
taneous diaphragm removal. The starting condition for the ap- were investigated to satisfy ", desired conditions. These meth-
plication of blast wave theory is the initial strength of the port- ods involved the use of a hot or cold gas for tube pressurization.
ing shock wave determined from one-dimensional considera- If a cold gas were used, the porting shock wave speed cannot be
tions as in a shock tube. Expanding the emerging gas flow cyl- reproduced since no cold gas or gas mixture exists which has a
indrically, the pressure within the shock processed flow as a low ratio of specific heats on the order of 1.2 and molecular
function of distance along the missile surface at various times weight of approximately 4. Use of a cold gas for determining
was determined and presented in Figure 3. This analysis was unsteady flow characteristics and extrapolating these data to
used to provide some qualitative knowledge as to anticipated predict hot gas effects was determined to be too uncertain in
model pressure loads. terms of test objectives. Two hot gas sources were investigated

for the subscale simulation. These sources were a combustible
60 - 1 0 gas mixture and a solid propellant. For the combustible gas, a

mixture of hydrogen and air was assumed to be burned in a
constant volume process. This gas was isentropically expanded

I 0.3 MSEC to produce work on accelerating the SPRINT skirt model. How-
ever, because of the required high initial charw pressures, and
the potential for detonation rather than desired deflagration,

40 gas mixtures were judged inferior to the use of solid propellant.

0PROCEDURE

30-
13 1 .8 MSEC A. TEST FACILITY

20 ' . sc With the scaling parameters established for the test pro-
gram, model size was investigated. As previously stated, pres-
sure time history on the missile surface is the desired parameter

I_= z I7- I Ito be investigated. In accomplishing this goal, primary concern0 50 20 30 40 50 60
INCHES F0 2 I0ILE BASE was placed on the response of the instrumentation system. Asshown in the dynamic scaling discussion, to properly simulate

Figure 3. Full Scale Skirt Pressure Time History

(Blast Wave Theory) missile ejection, event times vary directly with the model scale.

From the standpoint of the dynamic response of the full

B. SUBSCALE DYNAMIC SIMULATION scale missile structure, it was desirable that pressure pulsewidths
on the order of 10 microseconds be defined. The selected scale

In any subscale simulation, the parameters to be investi- factor and overall instrumentation system response are func-
gated determine the conditions which must be duplicated be- tions of this requirement. Considering the response capability
tween the full scale and subscale systems. This investigation was of existing components of the instrumentation system, pres-
concerned with the magnitude and time duration of pressure. sure transducer size, and cost, it was determined that the model
Since pressure is one of the state variables of a gas, the gas dy- should be no smaller than approxinfitely K scale. For a V, scale

namic equations of motion must exhibit similarity between the model, the overall instrumentation system should be capable of

subscale and full scale systems. Denoting t' as non-dimensional discerning pressure pulse widths on the order of 2V2 microsec-

time such that t' = t/, Q' as non-dimensional length such that I' onds.

= Q/L, and the dependent variables of velocity and sound speed
non-dimensionalized with respect to some reference velocity, Since a model launch tube must be constructed, commer-
then the gas dynamic equations of motion will exhibit gas dy- cially available steel pipe (Schedule 140) was used with a ma-
namic similarity between the full scale and subscale systems if chined I.D. of 12 Inches. This established the exact scale of
the ratio of LIT remains constant. The reference velocity chos- 22.75 percent.
en was the stagnation sound speed of the gas.

1. Gas Generator
Since a shock wave is also involved in the flow, similarity

must be established with respect to the Rankine-Hugoniot rela- SPRINT II is ejected from its cell by means of a gas
tions. It can be shown that the transmission of a shock wave is generator; the cell becomes the missile launch tube during the
similar in two systems if the ratio of specific heats, pressure ejection process. With the requirements specified by the dy-
ratio, and sound speed ratio are identical across the shock wave. namic simulation, the following conditions at model ejection

must be satisfied as near as possible.
Therefore, at time of eject, if the stagnation sound speed

of the emerging gas, the ratio of specific heats, the cell pressure I) Model Velocity = 285 ft/s
to ambient pressure ratio, the eject velocity, and ambient con- 2) Tube Pressure at Ejection = 92 psia
ditions are identical, then complete similarity is established for 2) Tube Press ure at jeti n = 2 80si
constant L/r. This implies that if the reference length is re- 3) Tube Gas Temperature at Porting = 43805 R
duced by mine scale factor, the time for an event to occur over 4) Tube Gas Specific Heat Ratio = 1.2.
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To accomplish these objectives, Hercules Inc. FAF-7 composite 2 Model
modified double base propellant was selected for use in the sub-
scale gas generator. Variation in gas generator design parame- The model represented the aft skirt section of the
ters produced the following specifications which most nearly SPRINT II missile since this was the area in which data was de-
matched the desired eject conditions. sired. A scaled base seal and rub strip were also used. The model

was constructed of aluminum and designed to withstand a max-
Propellant - FAE-7 (Hercules Inc.) imum longitudinal acceleration of 500g. A center guide cable

Weight - 0.22 pound was used to prevent lateral motion after ejection and to guide

Bum Time - 0.030 second the model during model deceleration. Two smaller guide cables
were also used to provide support for the model instrumenta-

Chamber Pressure (maximum) - 4200 psia tion cable.
Throat Area - 0.361 square inch
TC = 6420. The fully instrumented model weighed 38 poundswith provision for ballasting to 54 pounds. This provision was
C* = 5180 ft/s necessary to provide adjustment to eject performance to ac-

Rp = 52.7 feet Ib/0 R count for the uncertainties in the theoretical analysis. The mod-

PP = 0.062 lb/cu in el with pressure transducers installed is shown in Figure 6. Mod-
SY = 1. 19. el instrumentation will be discussed in a following section.

With these gas generator specifications, theoretical predictions
of the eject conditions vs model weight were made and are pre-
sented in Figure 4. As shown, full scale eject conditions could
not be matched exactly.

300 I'S -1 !10

W0 30 4 a S

MOICEELIWEIGHT - t~L'

Figure 4. Launch Tube Perforinance vs Model Weight

~ I I

The gas generator designed for the test program is
shown in Figure 5. The generator contained propellant in an in-
ternal/end burning configuration. The internal ballistics of the
generator indicated that all the propellant would be burned Figure 6. SPRINT 11 Skirt Model
0.030 second after diaphragm rupture. The igniter consisted of
20 grams of pelletized BKNO 3 which was initiated by a single 3. Model Deceleration System

commercial rib. To record the pressure-time history during gas
generator operation, a Norwood Model Ill Pressure transducer Since the ejected model must be stopped in some

was flush-mounted within the combustion chamber, non-destructive fashion in a short distance, an energy absorbing
system of crushable honeycomb was selected. The design cri-
teria for the honeycomb column was to limit model decelera-

END AP FGIRLLAN IFA 71tion to 500g. The column was constructed of nine individualS Eprecrushed discs laminated to aluminum sheet with a steel bush-
ing. Lateral support for the honeycomb column was obtained
by tensioning the model center guide cable to 10,000 pounds.

WINE 0, 4. Launch Tube Doors

Three sets of model doors were constructed for use

during the test program; each with a different fixed opening

angle. Those angles selected are shown in Figure 7. Each set of

doors was fixed in opening angle since door motion during ejec-

Figure 5. Gas Generator Porting Shock Test Program tion was relatively small compared to missile and porting shock
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Figure 7. Model Door Opening Angles

wave motion. Figure 8 represents the launch tube with worst
case doors installed.

The assembled test fixture without doors is shown in Figure 9. Porting Shock Test Facility Without Doors

Figure 9. A labeled test apparatus schematic is shown below: B. INSTRUMENTATION

3/4 DIA STEEL CABLE I. Launch Tube Instrumentation
/4 DIA STEEL CABLE

HEXEL CRUSHABLE HONEYCOMB The launch tube was instrumented with six Statham
ENERGY ABSORBER Model PA 839-400 pressure transducers at specific locations a-

long the tube length. These pressure transducers were used to
compare launch eject performance with theoretical predictions

A-EINSTRUMENT and provide a means for determining model velocity. The over-
A TUBE CABLE S all instrumentation system response using these transducers was

PRESSURE MODEL I KHz. Although this response is low, it was sufficient for re-
INSDCERS MODEL DOORS cording launch tube pressure during the ejection cycle.KISTLER S M0AB" 

O E O R

2. Model Instrumentation

LAUNCH The launch eject model consisted of a 22.75 percent
TUBE aft skirt section with a scaled rub strip and base seal. The model

was constructed of aluminum with a removable panel to pro-
vice access to the pressure transducers. The pressure transduc-

GAS GENERATOR ers (Kistler Model 603A) were located on three meridional rays;
0, 45, and 90 degrees. The 0 degree ray was in line with the
door centerline. A base pressure transducer was also installed.
In addition to these active transducers, a blind transducer was
installed within the model for the purpose of recording noise
generated during the ejection process. The location of the pres-
sure transducers on the model aft skirt section is shown in Fig-
ure 10.

ADS C. AUXILIARY TESTING

To ascertain the effects on overall system response in an
environment similar to that expected during the test program,
several areas of concern were investigated. These areas were:

- 1) Electrical noise which could be produced by the
whipping action of the coaxial cable land lines dur-

- Ing model ejection thus degrading the transducer
signal.

2) The charge amplifiers may not have sufficient ca-
pability to drive long land lines to the recorder.

3) The pressure pulse may be distorted by the effec-
Figure 8. Launch Tube With Doors tive pressure sensitive face of the transducer.
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Figure 10. Pressure Transducer Locations

4) Thermal effects caused by hot exhaust flow from the flush snd recessed mount configurations (per manufactur-
the tube could distort the data. er's recommendation) in the Martin Marietta 6 foot x 6 foot

shock tube and subjected to a known pressure pulse (See sket.h
5) The high "g" environment during launch could ef- below). It was determined from these tests that the recessed

fect the transducer output signal, mount configuration was not satisfactory. This mounting ar-
rangement produced excessive ringing over a wide range of pres-

To investigate the severity of these problem areas sever- sure port opening diameters. The flush mounted transducer per-
al auxiliary tests were conducted to isolate conditions which formed in a satisfactory manner to the applied pressure pulse.
would prevent satisfactory data acquisition. The tests were ac-
complished in a simulated eject environment for various compo- For thermal protection, a thin layer of General Elec-
nents of the data acquisition system. These components were: t,ic RTV 102 coating was applied to the face of the transduc-

ers. This coating degraded the transducer rise time to 2.5 micro-
I) The microdot cable seconds which was within acceptable limits.
2) The pressure transducer
3) The charge amplifiers and tape recorders. 3. Charge Amplifiers and Tape Recorder

1. Microdot Cable The charge amplifiers used in the test program were
Endevco Model 2713B. These charge amplifiers were used in

The microdot cable used in the test program was En- conjunction with a Sangamo Model 3568, 14 track, Group I
devco type 3060A-300. One end of a length of cable was accel- magnetic tape recorder. Input signals through the charge mpli-
erated to a velocity of 300 ft/s in the Martin Marietta air gun iers over anticipated line lengths at the test site were moni-
while cable noise was monitored at the stationary end. The test tored with the recorder. These tests indicated that frequency
indicated that noise generated by cable motion in a simulated response and noise level were within acceptable limits.

environment was acceptable.
As a result of the auxiliary tests that were performed

2. Pressure Transducer with the instrumentation system, overall system response time

The pressure transducer used for the high response - I,-ydata acquisition was the Kistler Model 603A. This transducer /,.L,.,.L [/'/fwas mounted on a shaker table and accelerated to 500g in both ~ /,-J..V/

lateral and longitudinal directions. Transducer signal was moni- ,
tored during the test. This test indicated that the transducer ,C/ ... i..vf.,
signal degradation was within manufacturer's specification and /

acceptable for the test program. //"A

It was also desirable to investigate transducer response /
to various mounting configurations and to thermal pulse pro-
tection. To accomplish this, the transducers were mounted in PLUSH MOUNTgNG RECESSEO MKqJNTgNG
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was determined to be approximately 3 microseconds with ac-
ceptable signal degradation due to dynamic effects. This re-
sponse satisfies the approximate 211 microsecond response time
requirement established in a preceeding seciton. The results of
the tests also indicate that the greatest source of error in the
instrumentation system will be caused by the finite time re-
quired for the shock wave to pass over the pressure sensitive
face of the transducer.

RESULTS

A. WITHOUT DOORS

The first test performed with the assembled subscale launch
eject components was concerned with system performance. For
this test, gas generator operation, launch tube performance, in-
strument cable survivability, model deceleration, instrumenta-
tion system noise, and pressure transducer thermal effects were Figure 13. Launch Eject Sequence
the investigated areas. To obtain better flow visualization of the
emerging gases, model doors were not installed for the first fir-
ing. The model was only partially instrumented, having one col- The results of the first firing indicated the necessity of pro-
umn of pressure transducers along the 0 degree meridian ray viding an additional burst diaphragm in the gas generator. Also,
Camera coverage consisted of two Fastax cameras with film launch tube performance was such that eject velocity of the
speeds of 4000 to 5000 frames/second. A typical high speed missile was higher than desired. To compensate for this, the
photographic sequence of a launch event is shown in Figures model was ballasted to full capability (54 pounds) in subse-
II, 12, and 13. quent tests. The instrument cables survived through launch and

data acquisition. However, the cables parted during model de-
celeration. The crushable honeycomb column buckled after the
first several discs had collapsed during model deceleration. Even
with buckling, sufficient energy was absorbed as not to damage
the model or the transducers. Pressure data obtained from the
test indicated that a thermal protection coating would be nec-
essary for subsequent tests inasmuch as moderate data distor-
tion occurred during the later part of the data acquisition phase.

This data had the characteristic signature of transducer face
heating effects.

The most significant test result was that the anticipated
pressure levels were not achieved anywhere on the model sur-
face. Since the test was performed without doors, a direct com-
parison with blast wave theory can be made as to magnitude of
pressure. Blast wave theory as used in this investigation over-
predicts the magnitude of pressure on the skirt by a factor of 2.
To this extent, detailed measurements of the emerging gas flow
were made from the photographic data in an attempt to better

Figure I1. Launch Eject Sequence understand the gas expansion process.

Figure 14 shows the trajectory of the emerging gas-air in-
terface in the radial direction for an approximate model eject
velocity of 320 ft/s. a launch tube pressure at eject of 90 psia,
cell gas temperature of 4200°R and -y = 1.22. Also shown is the
theoretical one-dimensional prediction of the initial slope of the
gas-air interface in the t, r plane. As shown, agreement is excel-
lent. With the initial slope of the gas-air interface, the initial
slope of the porting shock wave can be computed, The speed of
this shock wave was determined to correspond to M = 1.86. It
is important to note that the velocity of the gas-air interface
does not immediately decrease upon expansion to the outside
environment. This is indicative of energy being supplied to the
driven gases at a finite rate, It also indicates (Reference M that
the porting shock wave strength in the radial direction is con-
stant for some period of time. From simple wave theory, this

time may be estimated by constructing a right running charac-

Figure 12. Launch Eject Sequence teristic from the interface at a point where velocity appears to
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Figure 15. Exhaust Flow Trajectory After Porting.

0 1.0 2.0 3.0 4.0 Axial Direction

R DISTANCE - FT mouth of the launch tube. The time for this occurrence was cal-

Figure 14. Exhaust Flow Trajectory After Porting: culated to be at least I millisecond and probably not later than

Radial Direction 2 milliseconds after ejection considering discharge losses and
formation of a bow shock in front of the missile base. It was
encouraging to see the data indicate this momentum transfer.

change. The intersection of this characteristic with the shock Figure 16 shows the trajectory dsta replotted in proximity to
wave will give the time duration for approximately constant the launch tube mouth. Initial velocity of the gas-air interface
shock wave speed. This is shown in Figure 14 to be equal to was measured to be approximately 850 ft/s relative to a fixed
1.9 milliseconds. The pressure immediately after passage of the
porting shock wave was calculated to be 57 psia. Is-

Theory indicates that for a constant speed cylindrical or G MAS-AIR INTERFACE AS

spherical expansion, there exists an isentropic compression of DATA

air between the shock wave and gas-air interface. The pressure
at the gas-air interface will be only slightly higher at any given 14-

time since an isentropic compression cannot tolerate severe gra-
dients. With a pressure in the immediate vicinity of approxi- 12 -
mately 60 psia. flow emerging from the annular area will be at SHOCK WAVE TRAJECTORY
least near sonic. Pressure for sonic flow was computed to be 8 AS MEASURED FROM

50 psia for a cell pressure of 90 psia at ejection. Therefore, the w MODEL BASE PRESSURE DATA
velocity of the emerging gas should be near 2600 ft/s. How- L TRAJECTORY
ever, the largest velocity measured was 1200 ft/s. This differ- - / i. 2fld. & 3d

ence strongly suggests the existence of the imbedded starting wTRANSDUCER

shock wave mentioned previously. The existence of the starting ROITl JECOR
shock wave accounts for a large decrease in the energy of the

IIexpanding launch tube gas flow. From the data, it appears to /
have formed in less than 0.05 millisecond. / /46k TRANSDUCER

/ -/ROW TRAJECTORY

In the longitudinal direction, the direction of most interest 2 J R T J O

here. the trajectory of the expanding gas-air interface is shown/ / /
in Figure 15. As shown, the gas first decelerates and then accel-
erates. This occurs approximately 1.5 milliseconds after ejec- 0 0.2 0.4 0.6 0.6 1.0 1.2 1.4

tion. As stated in the discussion, it was expected that in large DISTANCE - FEET
the direction of gas momentum would change from radial to Figure 16. Exhaust Flow Trajectory Afer Porting
axial direction when sonic flow becomes established across the Axial Direction
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coordinate system. Will an eject velocity of 320 ft/s. the gas- lorirance measurements for the two tests show identical di..-
air interface has an initial velocity of 530 ft/s relative to the placement vs tine. Eject velocity was measured from film data
model. It was observed from the photographic data that the and determined to be 300 ! 10 fl/s for both tests. Pressure-time
model was surrounded by air moving at approximately the same history in the launch tube was also measured to he identical.
speed at the time of ejection. Will this observation, the initial These data are presented in Figure 18 for the two test%. Thco-
shock wave Mach No. must be computed using interface veloc- retical performance predictions are also shown using the mea-
ity relative to the model rather than to fixed coordinates. This sured gas generator pressure time histories. The discrepancy be-
results in an initial shock wave Mach No. of 1.32 in the axial tween measured and theometiCal pTedictions can he attributed
direction, a velocity of 1505 fl/s relative to the model and 182I5 to the tube heat transfer. The theoretical model underestimates
ft/s relative to fixed coorumates. The pressure behind this M =  energy loss due to heat transfer for sna!l diamet launch tubes.
1.32 shock wave was computed to be 27.4 psia. From the test

data, the pressure on the first row of transducers nearest tile /
base lip indicated a pressure of approxmiately 27 psia t' psia. - EXPERIMENT
Again, agreement is excellent. THEORY

At this point, it becomes possible to apply a one-dinen- U

sional approach to predict the initial strength of the shock wave /
in the axial direction. If a one-dimensional unsteady expansion
is accomplished in the axial direction with the already accom-
plished unsteady radial expansion, using as the reference condi- m MODEL DISPLACEMENT/
tions those corresponding to sonic flow at the annular opened /

u,3
area, the shock wave speed and gas-air interface speed can he U

2
determined, The pressure corresponding to this wave speed was
calculated to be 35 psia which is in much better agreement with tA

the measured 27 psia than the 55 psia of blast wave theory. /

B. WITH DOORS T

Subsequent to the first firing test without doors, two sep- -

arate, identical tests using the worst case door configuration
were conducted with a fully instrumented, fully ballasted mod-
el. The data may be separated into two areas: One pertaining to
launch cell performance and the other pertaining to pressure
history on the missile surface subsequent to ejection. The for- /.
mer will be presented first. __ __ __ _ __ __ _

1 20 30 40

For the two tests, the gas generator pressure histories are TIME -MILLISECONDS
shown in Figure 17. The data indicates the excellent reproduc- AFTER BURST DIAPHRAGM

ibility obtained with the short bum time gas generator. Al- Figure 18. Launch Tube Performance - Shots 2 and 3
though theoretical predictions indicated much shorter burn
times than measured, the discrepancy can be attributed to the Launch tube gas temperature at time of eject could not be
fact that the propellant grain thickness was on the order of the measured directly during this test program. To determine gas
propellant staple length and to the transient blow down char- temperature, two methods were employed. The first method
acteristics of the gas generator. The fact that the gas generator was to use the equation of state, since the pressure, weight of
was adding gas to the system at time of eject did not negate gas, volume, and gas constant can be easily determined at time
the data. The measurement program for surface pressure was of eject. The second method used the pressure data obtained
over I millisecond after ejection. The mass added to the system along the launch tube subsequent to eject. This data indicated
during this event was less than 11/2 percent. Launch tube per- the arrival time of the leading expansion wave at each pressure

transducer. With arrival times, the lead wave speed may be de-
termined. Since this wave travels at sonic velocity, the tempera-
ture may be determined from the sound speed equation. From

SHOT 3 SHOT? the data, launch tube sound speed at ejection was calculated to

be approximately 3000 ft/s for all tests. Correspondingly, gas

3temperature at eject was calculated to be 43502R. From the

t Or00 ,.- 
perfect gas law , gas tem perature was calculated to be 4200R.

it PORTING
200 - BURST In summary, launch tube performance was near enough

IAHRAGM\ full scale performance to render the pressure data valid. This
tOR is reviewed as follows:

I 22.751 Model Full Scale
0 0 20 30 40 80 60 70 8o

TIME FROM FIRE SIGNAL - MILLISECONDS Velocity at Eject 300 ft/s - 10 ft/s 285 ft/s
Figure 17. Gas Generator ressure Time History Pressure at Eject 90 psia ± 5 psia 92 psia
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Teinpe.rature at L:ject 4275'R t 75'R 4380'R $HOT 2 So S
t (onputed) 4 , PORTING .PORTING

Gas Ratio of Specific 1.22 1.2 20-

Heats 1((omputed 1 0 -I PSrt

40 P4 990

The pressure data on the model surface during the data ac- t 0
quisition phase for both tests is shown in Figures 19, 20, and -21. Some of the data was not interpretable at various locations . PS.902 Ps-902
on the model and is so indicated. Study of' the data from just I
one test indicates that only meager results can be obtained. 0 I 0
However. when the data front the two tests is overlayed. a re-

markable degree of correlation is evident. The predominant 20 I I __waveforms were selected from this correlation and were used 0 O DATA
for further data reduction. PS.904

SHOT2 SHOT 2 0 25 so 75 100 0 25 50 7s 100-PORTINGPORTING TIME - MSEC x1014C , _J -PORTINGFigure 21. Model Skirt Pressure Data. Shot 2 and 3
2

e,40 IP- 
1

0. ,.antenna notches that were modeled in the launch tube as shown
-- -

w  NO DATA in Figure 22. The 90 degree meridian ray shows little door ef-
Ps.2 feet.

40

__NO DATA '

40 F1-

20P5

0... P_ NODATA

0 2.5 5.0 75 100 0 2.5 50 71 O.0 ."
TIME - MSEC 101

Figure 19. Model Skirt Pressure Data: Shot 2

SHOT a SHOT

40. PORTING PORTING

4

201 _ Since
0- 

Figure 22. Launch Tube Mouth

0 00. NO DATA C. PRESSURE DATA REDUCTION

2- ince the phenomena investigated in this test program are. - . shock wave induced, the change in pressure across the shock
40, wave is discontinuous. For all practical purposes, this discontin-
20 uous change is instantaneous. Because of the response associ-

. _ NO DATA ated with the various components of the experimental data ac-Ps- quisition system, it is impossible to record instantaneous chang-
es in pressure without distortion. There will always exist a finite

orise time for the entire system for instantaneous input. Since
TIME - MSEC ' 101 rise time can be measured from the lest data (with the reason-

Figure 20. Model Skirt Pressure Data Shot 3 able assumption that the functional input to the system changes
instantaneously), then a correction may be applied to the data
to negate rise time effects. The data indicates that a representa-
tive shock wave speed over the face of the transducers was 1500

As the data indicates, the zero meridian ray produces the ft/s. Since the effective pressure sensitive face of the transducer
highest pressure. The 45 degree meridian ray indicates that the is 0.165 inch. the shock wave will take approximately 9 micro-
first transducer to feel a pressure pulse does so prior to ejection. seconds to traverse the face of the transducer. For a sawtooth
This is valid data since there is a small amount of gas leakage pressure profile of the form obtained from the test program,
prior to ejection in this mendional plane because of the scaled the pressure transducer will see a maximum pressure when the
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pressiur putle-trasdU.'Cr orientation IS as shown hclow (dIsre- 'to complete tiil pressure history over tie entire ki-t. tile

gardlig Iransdu cer resp onse tllrie wlhich is sirall). 'lis Indicates data njust be extrapolated to the skirt-base junction since th.

that rise time on tire order of ) inicroseconds should he obtain- data Indicates the maximum pressure is higher at the junction.

able fromn tile test data results. Rise tn was measured from Without knowledge of tire shape and direction of the shock

tie test data and was deterrined to be on the order of 10 rni- wave causing the maxirnum pressure spike, data extrapolation

crrtseconds. Using the Measured (t microsecond rise tirie. the would be difficult to justify. For this reason, the water table

data nl;iy be corrected to obtain the iraxiniurn pressure of the was again used in an attempt to correlate tire prominent waves

sawtooth waretorr. This was accomplished by first visually with experimentally observed pressure pulses. The first of these

smnoothing the data arnd then determining what magnitude of prominent waves preceeds all other waves and corresponds to

the pressure spike and decay rate represents the average pres. the non-interacted porting shock wave in the axial direction.

sure sensitive face of the transducer. Until this wave passes the third row of transducers, the strength

of this wave appears unmodified by the presence of doors. This

"S " . 0,wave is denoted as Wave A in Figures 25 and 26. The approxi-

mate position of Wave A is shown at the stated times as ob-

tained from the pressure data. After the third transducer is

passed by the porting shock wave, reflected shock waves catch

_up with the porting shock wave and modify its strength, Using

the results of Figure 14, at t 0.135 millisecond, the porting

shock wave just reaches the lower inside of the door. In the

TRANSDUCER axial direction, from Figure 16. the porting shock wave has tra-

veled 0.225 foot referenced to fixed coordinates and 0. 184 foot

along the model skirt. Figure 25a shows the approximate shock

wave configuration at t = 0.135 millisecond. The first transduc-

er (PS-I) recorded the passage of the shock wave at t 
= 
0. 1 mil-

lisecond. At t = 0.25 millisecond. the second transducer IPS-2)

Figures 23 and 24 show the results of rise time data cor-

rection for two identical tests using the worst case door config-

uration. The corrected data shows a maximum pressure of 56

psig for test 2 and 54 psig for test 3 for the first transducer

nearest the door above the base of the model. WAVE A

50 SHOT 2

PRESSURE SCALE - r CM 20 PSI

1 25

WAVE

0 76

02 - 0.136 NSE t - 0.2S MSEC

1 -
Figure 25. Water Table Flow Field Representation

0 1 02 03 04 05 06 0 08 09
DISTANCE ALONG SKIT - FT

Figure 23. Model Skirt Pressure Data. Shot 2 P P4

ito EE0T3 INAVIEA

PRESSURE SCALE - I CM 20 PSi P0.

moo PS-2 -

iSS ~PS.?P.w "P11,

or , 0Psr , o o T e 0
o

0 Of 02 03 ad Es of 0? 03 09
OISTANCE ALONG SKIP? - FT 1 04 MISEC t 05 MSEC

Figure 24 Model Skirt Pressure Data Shot .€ Figure 26. Water Table Flow Field Representation
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reords the passage of the porting shock wave in the axial di- SHOT 4

rection. In the radial direction, porting shock wave reflection 40 PORTING PORTING
from the door has occurred. As shown (Figure 25b). the reflec- 20

lion consists ot several interacting shock waves. At approxi- -.-
mately t = 0.4 millisecond, the first transducer (PS- I Ifeels the 0 PsI PS461
maximum pressure pulse. The interpreted shock wave configur- 20
ation is shown in Figure 26c. The second transducer (PS-2) feels I NO DATA NO DATA

the maximum pressure pulse approximately 0. 1 millisecond lat- 0
er. The interpreted shock wave configuration at this time is

=20
shown in Figure 26d. K 0

, !3 PS 463

From this interpretation, it was observed that the most
probable cause for the maximum pressure pulse was the reflec- 20 NO DATA
lion of that shock wave shown to coincide with the first trans- PS
ducer at t = 0.4 millisecond (Figure 26c). The origin of this
shock wave was the inside comer of the door ground plane
junction. 0 25 so 74 104 0 2.1 5V 7.1 10.0

TIME - MSEC . 10
"1

Some characteristics of this wave and its reflection from Figure 28. Model Skirt Pressure Data. Shot 4
the missile surface may be inferred from the data to predict the

maximum pressure at the base lip. From Figures 25 and 26. the
ratio of maximum pressure after shock wave reflection to the 1OT 4
pressure just before shock wave passage (thus the reflected 40 - ,PORTING
shock wave strength) for the first three transducers along the 0 20
degree meridional ray was measured and plotted as a function 0 _ _ _ _ _

of distance along the model skirt. If it is assumed that the shock
wave configuration at the base lip is identical to the configura- 0

tion at maximum pressure as interpreted from this simulation 20

for the first three transducers, then the strength of the reflec- 0
tion may be smoothly extrapolated to the base lip. This was 4 P5-.02

accomplished and is shown in Figure 27. Since the maximum 20-
porting shock wiave pressure at the lip has already been estab- cc
lished to be approximately 27 psia. applying the maximum ex- 0 ND

trapolated reflected shock wave strength of Figure 27 to this 40pressure results in a maximum skirt pressure of approximately 2

110 psia at the base lip. 20 I

- - - XTRAPOLATION 0 2.6 6.0 7.6 10.0

III% TIME - MSEC x 10
1
1

Figure 29. Model Skirt Pressure Data Shot 4

~3

" D. BASE PRESSURE DECAY TIME
i S4OT 3

Base pressure decay time will depend on the length of

time it takes the launch tube to blow down after ejection. The

0 ejection event can only be propagated (by means of expansion
0. 0 .2D 0.!3 0. 0., . 0., 0.6

ISTANCE . ALONG MOEL SKIRT 0 FT waves) into the launch tube at the local sound speed of the gas

within the tube. At ejection, the sound speed is approximately
Fgure 27i Reflected Shock Wave Strength vs 3000 ft/s. It will take approximately 10 milliseconds for the

Distance Along Mode! Skirt
ejection event to influence the gas at the bottom of the launch

tube for the full scale configuration. Reflected expansion waves

from the tube bottom will require slightly less time to propa-

One test was conducted, under identical conditions to the gate to the tube mouth. In all. outflow should not be dimin-

previously discussed tests, with that set of doors corresponding ished for the first 15 milliseconds after ejection.

to the intermediate door opening angle. The results of this test
(Figures 28 and 20) indicated that the pressure pulse associated The launch tube gas flow subsequent to ejection is identi-

with shock wave reflection was not as severe as the worst case cal to closed pipe flow with a diaphragm opening into the at-

door configuration. For this reason, the remaining set of doors mosphere. It is known that flow will first be expelled from the

was not tested, tube resulting in an overexpansion within the launch tube. The
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flow will then be drawn back into the tube resulting in an over- I ) With the worst case door opening angle, maximum
compression within the launch tube. This overexpansion and skirt pressure was determined to be 110 psia. All
overcompression is cyclic and will occur several times before greater door opening angles will result in lower
viscous effects damp it out. This cyclic flow was observed to maximum pressure.
occur in the film data from all the tests. Consistently, three out-
flow cycles were observed. However, the launch tube pressure 2) The entire transient pressure environment is essen-
transducers were not sensitive enough to record the pressure tially complete within a time span of 4 millisec-
variation. onds after ejection for the full scale configuration.

Base pressure decay after ejection was measured during the 3) It takes approximately 18 milliseconds for the base
subscale tests and typical results are shown in Figure 30. For pressure to decay to ambient pressure after full
the subscale tests, base pressure decays to ambient approxi- scale ejection.
mately 4 milliseconds after ejection. This relates to 18 milli-
seconds for the full scale configuration. 4) One-dimensional analyses can be used to predict

initial speed of the emerging gas-air interface and
porting shock wave. The application of blast wave

TIME AT EJECTION theory in the axial direction does not produce ac-
curate results.

SHOT 2 5) The data indicate formation of an imbedded start-
ing shock wave in the emerging launch tube flow
which decreases strength of the porting shock wave.

REFERENCES

f"I Taylor, T. D., "Calculation of Muzzle Blast Flow Fields",
! Picatinny Arsenal TR 4155, 1970

2 Noh, W. F., "A Time Dependent. Two-Space-Dimensional
,jL Coupled Eulerian - Lagrange Code". Methods in Compu-

tational Physics, Academic Press, 1964

SL3 Culotta, A. J., "A Computer Program for the Solution of

Unsteady I-D flow Fields". 6th Aerospace Sciences Meet-
ing, AIAA, New York, N. Y., 1966

-'1 -2.S 4 Smith, C. E., "An Analytical Study of the Starting Pro-

Figure 30. Base Pressure History After Ejection cess", SUDAER 135, 1962

CONCLUSIONS
5 Sedov, L. I., "Similarity and Dimensional Methods in Me-

The results of the test program indicate all test objectives chanics", Inforsearch LTD, 1969

were met. Experimental data of sufficient quality and quantity

have been obtained for use in dynamic structural analysis. The 6 Courant-Friedrichs, "Supersonic Flow and Shock Waves".

following conclusions are made: Interscience Publishers, Inc., 1956

107



SHOCK TESTING

DIGITAL CONTROL TECHNIQUE FOR SEISMIC SIMULATION

G. C. Kao, K. Y. Chang, W. W. Holbrook
Wyle Laboratories, Scientific Services and Systems Group

Eastern Operations, Huntsville, Alabama 35807

A digital iteration technique for controlling large electro-hydraulic test systems to
simulate ground motions is presented in this paper. The technique is based on the
closed-loop control concept with input control waveforms generated by an on-line
digital computer. Generally, a typical test sequence consists of three intermediate-
level and one full-level tests with actual specimens installed on the test fixture.
During calibration, the response and its corresponding input waveform obtained from
each intermediate-level test are used to compute the input waveform for the next
higher level test. The total test time required for each test sequence is approximately
four minutes, exclusive of plotting. The digital iteration control (DIC) technique
was verified on a 30,000 force-pound seismic simulator and a 150,000 force-pound
shock machine. Excellent test results were observed.

INTRODUCTION of a series of electronic filters (resonators) which
generate either damped sinusoidal or sinebeat waves.

Control equipment used in commercial nuclear reactor The outputs from each filter are modulated by three
power plants and antiballistic missile (ABM) systems are parameters which control: amplitude, phase and rate of
required to remain functional during earthquakes and decay (damping). By properly adjusting all the control
other ground motions due to nuclear weapon effects, parameters of the synthesizer, a complex waveform can
It is essential that such equipment be tested to the be generated to drive a non-linear test system. The
specified shock environments to verify design subsequent response at the output control point is
reliabilities. analyzed by a shock spectrum analyzer and the

measured shock spectrum is compared with the required
In recent years, much eff-rt has been expended in to determine the accuracy of the test result. The
developing new transient test control techniques to deviations in the synthesized spectra are corrected
simulate seismic motions. Most ground shock environ- through iterative adjustment of the synthesizer filters.
ments are defined in terms of their "shock spectrum".
Each spectrum may represent the motion of a particular
location or event. A spectrum may also represent the CO ,o ,oo
enveloped maxima of all spectra in typical localities.
To meet ground motion requirements, as defined by a
shock spectrum, simulation control equipment must be CC o,oL

capable of generating an input control waveform to RflIo
drive the test machine to the desired motion. HYAI

The shock spectrum testing as described above is
normally accomplished by the close-loop analog control
techniques ( 1 I . The typical approach of analog
control techniques may be depicted by the block
diagram as shown in Figure 1 . The basic control equip-
ment consist of a complex waveform synthesizer and a Figure 1. Block Diagram of Analog Control
shock spectrum analyzer. The synthesizer is composed Approach
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In order to avoid damaging specimens during testing, -- . "---------- ---------
analog shock testing is carried out in two stages. In
the first stage a dummy mass with a weight identical to Li..°
the specimen is used to calibrate the synthesizer for
different levels of inputs. In the second stage theI
dummy weight is replaced with the actual specimen, j.,4--£
and the tests are conducted at successive increasing
levels employing calibrated inputs obtained in the
first stage. Further modifications of the synthesizer

outputs are often needed to compensate for dynamic
couplings between the specimen and the test system.
Since electro-hydraulic test systems are quite non- I

linear, a large number of calibration pulses are often L------------------------
required, and fatigue damage to test specimens might
result. Furthermore, the accuracy of the analog con- Figure 2. Block Diagram of Electro-Hydraulic
trol approach is restricted by the total number of filters Test System

available for adjustments.

A digital iteration control (DIC) technique has
been developed to improve the quality and the speed E(f)_ ECHANICAL"BLACKBOX" A(h

of shock testing electro-hydraulic test systems. H M

This technique eliminates the need for dummy-weight
calibration, and at the same time, refined
adjustments of input controls can be achieved by
means of a digital computer. In addition, more Figure 3. Block Diagram of Response-Excitation

accurate testing can be achieved with a minimum Transfer Function

number of trial runs. This paper describes the operat-
ing principles of the DlC technique for one-dimensional
testing, and the results of preliminary test data obtained Based on Equation (1), the required output responses
from a 30,000 force-pound and a 150,000 force-pound and the input waveforms are to be specified in the
test system. frequency domain. This requirement does not present

a problem for output responses specified in the forms of
DIGITAL ITERATION CONTROL (DIC) time-history; but for output criteria specified in terms

of shock spectra, an equivalent time-history must be
Recent work in the area of digital controls on linear generated for each spectrum in order to meet DIC
systems has been reported in References 2, 3 and 4. formats. Several methods 15, 6, 71 are available for
The DIC approach in shock testing centers on the performing the shock spectrum-to-time-history
generation of an equivalent transfer function for the transformation.
non-linear test system for the full-level test. The
concept of transfer function of a typical test system Since the system is non-linear, the transfer function as
may be described schematically by Figure 2. The por- defined in Equation (1) is dependent on the character-
tion of the system contained between the control feed- istics of the input waveform. The development of the
back function and the output response control point con- DIC technique was based on the assumption that the
stitutes a mechanical "blackbox" which is represented transfer functions between two successive tests at two
by Figure 3. The ratio of the output response and the slightly different input levels would not deviate signifi-
input voltage defines the transfer function of the test cantly from each other. Therefore, if the transfer func-
system. Mathematically speaking, the transfer function tion obtained from a lower level test is used to generate
is expressed by Equation (I): input waveforms for the next higher level test, the

resultant errors in the output response would be
H(f)= AM (I insignificant.

In the DIC test, the first low-level input waveform is
generated by dividing the required output by a trial

where: E(f) = 
Input control voltage transfer function. The trial function could be generat-

ed by either of the three excitation techniques;
A(f) = Output response namely: the sinesweep, the random and the transient

techniques. Sometimes it is also admissible to use the
f = Frequency, Hz transfer function generated from a previous test. The
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input and output of the first trial run is used to compute The present DIC system employs a total of 2048 data
the improved transfer function of the test system and the points to represent a transient waveform. Severar
input waveform for the next higher level test. The possible operating ranges of the systerr are presented
same procedure is repeated until the full-level testing in Table 1.
is achieved. However, it must be realized that the
total number of trial runs must be kept to a minimum, TABLE I
so that no damage will be introduced to test specimens.
Recent test results have shown that a total of three OPERATING RANGE OF PRESENT DIC SYSTEM
trial runs is adequate to provide a good transfer function

for the final full-level test. The control sequence as S pl ,,,Ra LiW, Feqcy 0- Fe ..

described above is depicted by the block diagram as _,s t Sosl 'H

shown in Figure 4, and a more detailed description
regarding the control technique can be found in I00o 0.0

Reference 8. 0. C 1.,0

r ., 200 10.c 1 C'( 0. 1
60 3.3 0.0

The extension of the frequency range can be achieved
by increasing the total number of data points used in
defining required waveforms.

__ I To safeguard test equipment against damage due to
T- erroneous signals, each intermediate input-time

history was plotted for visual inspection prior to testing.
The actual time required for a four-tet sequence would
be less than four minutes, exclusive of plotting time.

Figure 4. Logic Diagram for Digital Iteration
Control (DIC) Procedures DESCRIPTION OF TEST SYSTEMS

The software employed in the DIC system consists of a The DIC concept was verified with a 30,000 force-
main program and three subprograms. The main program pound and a 150,000 force-pound test system, as shown
is used to compute the transfer function and the input in Figures 5 and 6, respectively.
control voltage. In addition, it examines the incoming
response data which is then compared with the required
response waveform in terms of individual Fourier
Spectra. The results of the error analysis ore printed
out on the line printer. The three subprograms consist
of: The Fast Fourier Transform (FFT) Program, the
Inverse Fourier Transform (IFT) Program, and the Data
Conversion (DACADC) Program. The FFT Program is
employed to transform the output response signal from
the time domain for computing the transfer function.
The IFT Program is used to transform the computed input
waveform from the frequency domain into the time
domain. The DACADC Program was written in assembly
language and is used to convert the analog output
response signal into digital forms and the digital input
woveform into analog forms.

The hardware systems employed in DfC tests consist of a
Sigma 5 computer with 16K word memory core, two
high-speed tape drives, one MD-51 Analog-to-Digital
Converter (ADC), one Digital-to-Analog (DAC) Con-
verter and a CALCOMP Plotter. The ADC can operate
at a maximum sampling rate of 100,000 samples per ,

second. The sample word sizes are 15 bits plus sign
and 10 bits plus sign for the ADC and DAC, respec- Figure 5. The 30,000 Force-Pound Seismic
tively. Simulator
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Figure 6. The 150,000 Force-Pound Shock
Machine in the Push-Pull Mode

The 30,000 force-pound system has been used exten-
sively to simulate seismic environments using analog Figure 7. Close-up of the Electro-Hydraulic
control techniques. It basically consists of a 6 ft x Shaker
14 ft test platform which was constructed using 24 in.
I-beams and weighs approximately 9,000 pounds. The servo valves and servo amplifiers were used to provide
test platform in its present configuration, is driven by input waveforms to the actuators. The control occeler-
three vertical actuators and one larger horizontal ometer was located at the center of the table. No
actuator. The actuators have a vertical and horizontal additional test specimen other than the table itself was
force rating of 30,000 force-pound and are controlled employed in performing the verification tests.
by conventional electro-hydraulic servo valves and
servo amplifiers. The weight of the fixture is supported
by four air springs located at the corners of the fixture. TEST RESULTS
The operating frequency range of this system is from
I Hz to 100 Hz. For the verification test, a dummy For the 30,000 force-pound test system, the required
cabinet with dummy weights installed was mounted on output shock spectrum and its corresponding time
the platform. The control accelerometer was located history are shown in Figures 8(a) and 9(a), respectively.
at the actuator/platform interface as shown in Figure The test frequency of the control spectrum was set
7. The force was applied in the direction of the lateral between 1 Hz and 100 Hz. The tolerance limits for
actuator. The hydraulic power supply of this system this test were specified as + 30%.
consists of a positive displacement pump supplying a
total of 200 gpm at 3000 psi. Peak flow requirements The verification tests were conducted at three levels:
were provided through a precharged accumulator.

. Two tests at one-half level
The second system is shown in Figure 6. This machine
was designed originally to simulate motions due to 0 One test at three-quarter level, and
nuclear blasts and has an operating frequency range * One test at full level.
between 1 Hz to 500 Hz. The test table is 5 ft wide
and 17 ft long. The structure is made entirely of The results of the above tests are presented in the shock-
aluminum and weighs approximately 11,000 pounds. spectrum form as shown in Figure 8, and in the time-
The source of excitation was provided by two 75,000 history form as shown in Figure 9. The transfer function
force-pound hydraulic actuators in a push-pull mode. used in the first 1/2-level test was obtained through a
The hydraulic power supply serving this system con- low-level sinesweep excita.ion in the frequency range
sisted of four 120 gpm positive displacement pumps of 5 Hz to 30 Hz (limitation of analog sinesweep
supplying a total of 480 gpm at 3000 psi. Peak flow monitor). The test result was extrapolated to 1 Hz at
capability was provided by precharged accumulator the low frequency end, and to 100 Hz at the high
banks with 525 gpm at 3000 psi. The test table was freauency end. Obviously, the sinesweep transfer
supported by six hydrostatic bearings. The bearing function, as shown in Figure 10, did not provide
stands and the reaction of blocks of the actuators were the proper input waveform to excite the test system.
tied to the reaction mass which weighs approximately Hence, the output shock spectrum, as shown
1.5 million pounds. Conventional electro-hydraulic
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Figure 8. Results of Shock Testing Employing 30,000 Force-Pound Simulator
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in Figure 8(b), is low for frequencies below 5 Hz and
high for frequencies above 30 Hz. The results of the
second 1/2 -level test have shown significant improve- 0"

ments over the first test. The improvements mode in
the system transfer functions through iterative correction -1.
at higher test levels have lead to a successful test at the -1 PIXI NZ)

full level, as shown in Figure 8(e). 36

TIlE ( SEC) 
3

(a) Required Shock Time-History

AAA A~a . 020
2 .. lT V": I.. ...

7 "l- F igure 10. Low-Level Sinesweep (Linear)Transfer Function of Test System(bo) First 1/2-Level Test
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-.,1 TIME 1SECI Figure 11. Equivalent Transfer Function of

(e) Full-Level Test Test System at Full Level

Figure 9. Shock Time-Histories of the Control Frequency Range Tolerance Limits
Accelerometer of Seismic Simulator 1 - 100 ± 15%

The measured transfer function of the test system at full 100 - 500 + 25%
input level is shown in Figure 11 . The major resonant
frequencies are shown as 16, 35, 46, 57, 79 and 90 Hz. A total of three tests were performed at the following

levels:
The tests performed on the 150,000 force-pound system
were based on the shock spectrum, as shown in Figure * One 1/2-Level Test
12(a), and its corresponding time-history, as shown in
Figure 13(a). The tolerance limits for the tests were 0 One 3/4-Level Test

set as follows: • One Full Level Test
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The input waveform for the first 1/2-level test was I
generated by a transfer function obtained from a pre- t

vious test. The initial transfer function is shown in
Figure 14. Consequently, the shock spectrum of the
first test does not possess the proper shape, as shown 0
in Figure 1 2(b). The results of the second test at iTp tlt
3/4-level, however, has shown significant improvement
over the first, as shown in Figure I12(c). The majority
of the measured shock spectrum is within the tolerance .

limits. The results of the final test at full-level are
shown in Figure 12(d). The required tolerance limits
are violated only in the vicinities of 65 Hz and
260 Hz, respectively. These two frequencies are
identified as the primary resonance frequencies of the i/i

test system. Since the deviations are so small, it is I0

considered as acceptable for normal shock testing. The
time-history of the full level test has shown excellent
agreement with the required one.

In addition, the measured system transfer function of the 3 FPElI2J' .rtl'

full-level test is presented in Figure 15. The major
resonant frequencies of the test system in the operational Figure 15. Equivalent Transfer Function of the
range were measured as 30, 65, 260, 300, 350 and 150,000 Force-Pound Shock Test System
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400 Hz, respectively. A shift of the primary resonant ACKNOWLEDGEMENTS
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DISCUSSION

Mr. Favour (Boeing Company): In your mod- Mr. Favour(Boeing Company): In the para-
ification of control circuitry do you just meters you were using, a thousand samples per
make a direct linear comparison, or do you do second for two seconds, you should have been
anything to insure that you do not exhibit an controlling to 500 Hz, yet your plots were ter-
unstable situation such that you overcorrect minated at 100 Hz. What is your performance
in your modification of the transfer function? from 100 to 500?

Mr. Kao: The technique which we used was Mr. Kao: We still control from I to 500
to average the one before or the one after. Hz without any problems by adjusting the con-

trolling bandwidth using averaging techniques.
Mr. Favour: So you are ensembling? Mr. Gaberson (Naval Civil Engineering Lab-

Mr. Kao: Yes. You also can use some oratory): When you are going through these
other statistical approach to insure it will different hits and gradually increasing the lev-
be within the expected nonlinear range. el, what is happening to the specimen that is on

the table? If you don't have a specimen on
Mr. Linton (Naval Weapons Station, Seal there, but have a dummy mass, doesn't this feed
!leach): Ho quickl an s aethoseSeback into your system and change the wave form?Beach): Row quickly can you make those suc-

cessive hits, within an order of magnitude? Mr. Kao: Yes. The objective of the iter-

ation procedure is to try to account for the
Mr. Kao: Based on our own records, in- dynamic feedback of the test system. That is,

cluding printing and plotting, it would last if you use a dummy mass for your calibration
no more than three minutes per hit. For ex- testing, you have to have a very heavy shake
ample, if you have three or four hits you could table in order to compensate for the dynamic
probably finish in a matter of five or ten mi- response of the specimen. Using digital tech-
nutes, depending on how successfully the signal niques you could place the actual test specimen
is coming through. on the fixture and, using a low level excitation

and bringing the thing along one step at a time,
Mr. Powers (McDonnell Douglas): You made you can achieve the objective of shock testing

a comparison of the required Fourier spectra more efficiently than by using a dummy mass.
and the actual Fourier spectra, in other words Did I answer your question?
the test spectra and the one that was required.
If your specification was in fact given in Mr. Gaberson: Could it not be damped as
terms of a shock spectrum, how did you deter- you go up?
mine what was the required spectrum? Many
different inputs will produce a given shock Mr. Kao: It might, but using digital con-
spectrum. trol you would probably hit the specimen fewer

times than if you were to use analog.
Mr. Kao: It is true that the time history

with respect to a given shock spectrum is not
unique. We use a certain computer program by
which we prescribe the required amplitudes and
corresponding frequency points. This program
will then generate a time history which will
satisfy a shock spectrum. We use that shock
spectrum and go through a Fourier analysis to
zome up with the Fourier spectrum for the re-
quired wave form and then use that as a basis
for comparison.
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PYROTFCHNIC SHOCK SIMULATION

USING THE RESPONSE PLATE APPROACH

CHARLES L. THOMAS
HONEYWELL INC.

ST. PETERSBURG, FLORIDA

The capabilities to produce a shock response spectrum

by using a series of isolated plates excited by an
explosive ordnance are shown. A test program to show
the effect that each physical parameter has on the
shock response spectrum was performed. The test data
and a discussion of test results are presented.

INTRODUCTION

The shock transients produced by pyro-
technic devices on spacecraft may be simulated
in the laboratory by several techniques, such ROPE
as the electrodynamic exciter synthesizer,
drop shock, barrel tester, actual firing of
flight hardware, and the response plate. ACCELEROMETER

This presentation is devoted to developing a ISOLATORS
shock response spectrum using the response TEST
plate approach. The response plate technique SPECIMEN STANDOFFS
uses two plates referred to as the base plate RESPONSE PLATE

and the response plate as shown in Figures 1
and 2. The test hardware is secured to the BASEPLATE

response plate which is mounted to the base PRIMACORD
plate on standoffs and isolators. The . -NO. 6 BLASTING CAP
ordnance is placed under the base plate. The
system is supported off the floor by ropes.
The detonation of the explosive produces the
shock transient. The acceleration time
history of a typical pulse is shown in
Figures 3 and b. Figure 5 shows the repeat- Figur' 1. TEST CONFIGURA TIO.V
ability of four shock response spectrums

produced by this technique. The horizontal
response is shown in Figure 6. If this
technique is selected to simulate a given 3- A 16 SOCKET MD.
shock response spectrum, the design and CAPSCREW

development of the fixture should take into 3/8 BEARING WASHER 1 INCH DIA.
account that the shock spectrum may be RUBBER WASHERI 1INCH DIA.
influenced by the amount, placement and shape 1/8 INCH THICK
of the explosive, size and material of the RESPONSE PLARE

response plate, size and material of the base RBWSRIC A

plate, weight of the hardware, height of the RUBBER WASHER I INCH DIA

base plate from the floor, isolation material 1/8 INCH THICK
3/8 BEARING WASHER

and isolator preload. This paper presents I t.[ESTANWOAS
data to show the effect each of these I 1
parameters has on the shock response spectrum. L J

BASE PLATE

Figure 2. ISOLA TION JOINT COVFWGURA TIO.V
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Figure 3. PULSE DURA TIOV Figure 4. PULSE FREQUENCY

Table . TEST CONFIGURA TIONS

Response
Base Base Plate Response Plate Compressiun Base Height Amount of Distance of Shape

Test Plate Thickness Plate Thickness Isolation of Isolator Above Floor Pritmacord Explosive of Spe-tcrer

No. Material (inches) Material (inches) Material (inches) (inches) (inches) From Base Charge Weight

I Phenolic I Alum. 1/8 ZZR765 0.004 16 10 Tangent 0 14
2 Alum. 2 Alum. I/8 ZZR765 0.004 16 10 Tangent 0 14
3 Alum. 1/2 Alum. 1/8 ZZR765 0.004 6 10 Tangent 0 14
4 Alum. Alum. 1/8 ZZR765 0.004 16 10 Tangent 0 14
5 Alum. I Mag. 114 ZZR'765 0.004 16 10 Tangent 0 14
6 Alum. 1 Steel 1/4 ZZR765 0.004 16 10 Tangent 0 14
7 Alum. I Masonite 1/4 ZZR765 0.004 16 10 Tangent 0 14

8 Alum. I Phenolic 1/4 ZZR765 0.004 16 t0 Tangent 0 14

9 Alum. I Alum. 1/4 ZZR765 0.004 16 10 Tangent 0 14
10 Alum. I Alum. 3/8 ZZR765 0.004 16 tO Tangent 0 14
11 Alum. Alum. 1/2 ZZR765 0.004 16 10 Tangent 0 14
12 Alum. 1 Alum. 1/4 MIL-46089 0.004 16 tO Tangent 0 14

13 Alum. I Alum. 1/4 MIL-R-3065 0.004 16 10 Tangent 0 14

14 Alum I Alum. 1/4 None NA 16 10 Tangent 0 14
15 Alum I Alum. 1/4 ZZR765 0.1250 16 10 Tangent 0 14

16 Alum I Alum. 1/4 ZZR765 0.0625 16 10 Tangent 0 14
17 Alum I Alum. 1/4 ZZR765 0.004 8 10 Tangent 0 14
i1 Alum I Alum. 1/4 ZZR765 0.004 16 20 Tangent 0 14
19 Alum. I Alum. 1/4 ZZR765 0.004 16 40 Tangent 0 14
20 Alum. I Alum. 1/4 ZZR765 0.004 16 0 Tangent 0 14
21 Alum. I Alum. 1/4 ZZR765 0.004 16 10 0 Inches 0 14

22 Alum. I Alum. 1/4 ZZR765 0.004 16 10 8 Inches 0 14
23 Alum. I Alum 1/4 ZZR765 0.004 16 10 16 Inches 0 14

24 Alum. I Alum. 1/4 ZZR765 0.004 16 20 Tangent V 14
25 Alum. I Alum. /4 ZZR765 0.004 16 20 Tangent Sphere 14
26 Alum. I Alum. 1/4 ZZR765 0.004 16 10 Tangent 0 7

27 Alum. I Alum. 1/4 ZZR765 0.004 16 10 Tangent 0 28
28 Alum. I Alum. 1/4 ZZR765 0.004 16 tO Tangent 0 42

29 Alum. I Alum. 1/4 ZZR765 0.004 16 t0 Tangent 0 70

TEST PROGRAM HORIZONTAL RESP01SE

A test program was performed using Lhe Horizontal response data was taken for
fixture configurations shown in Table I. All test number 22 to compare the cross axJ s hock
base plates were 24 inches square. All response spectrums to the vertica. s'..ck
response plates were 19 inches square. response spectrum.
Specimen weights were 12 inches square
aluminum plates. BASE PLATE MATERIAL

REPEATABILITY To determine the effect of the base plate
material on the shock response spectrum, a

To demonstrate the repeatability of this phenolic and an aluminum plate were tested.
type testing, test number 9 was repeated four Test numbers 1 and 2 (all test configurations
times. The test fixture was dismantled and are shown in Table I) represent the config-
reassembled between each test. uration during these tests.
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BASE PLATE SIZE LOCATION OF EXPLOSIVE

The thickness of the base plate was The location of the charge was changed
varied from 2 to 1/2 inches to demonstrate the from directly against the plate to 8 inches
influence of this factor on the shock response below the plate to 16 inches below the plate
spectrum. Test configurations were as shown (secured to the floor). Configurations were
in test numbers 2, 3, and 4. as shown in tests number 21, 22 and 23.

RESPONSE PLATE MATERIAL SHAPE OF EXPLOSIVE

The effect of the response plate material This factor was studied by testing
was investigated by test numbers 5, 6, 7, 8, various charge configurations. In each case,
and 9. The materials studied were masonite, the ordnance was a No. 6 electric blasting
magnesium, aluminum steel and phenolic. cap and 20 inches of 50 grain/ft Primacord.

The cord was shaped in a sphere, a circle and
RESPONSE PLATE SIZE a V. Refer to tests number 18, 24 and 25.

Aluminum plates 1/8, 1/h, 3/8 and 1/2 SPECIMEN WEIGHT
inch thick were used to study the influence
that the size of the response plate had on the The weight of the specimen was varied
shock spectrum. Test numbers 4, 9, 10 and 11 from 7 to 70 pounds by adding aluminum plates
represent the test setups used. to the specimen mass. The specimen was l?

inches by 12 inches aluminum plates. The 7
ISOLATION MATERIAL pound specimen was a 1/2 inch plate. The 70

pound specimen was 5 inches thick. The other
Three types of isolation rubber were parameters were represented by configurations

tested to determine the effect each had on the shown in tests number 26, 27, 28 and 29.
shock response spectrum. These were ZZR-765
Silicone rubber, MIL-R-66089 sponge rubber,
and MIL-R-3065C rubber. The isolation joint DISCUSSION OF RESULTS
is shown in Figure 2. Compression of the
rubber was approwimately O.OOL inch in each REPEATABILITY
test. Tests number 9, 12 and 13 are repres-
entative of the configurations involved. The repeatability of this technique

is shown in Figure 5. This area represents
ISOLATOR COMPRESSION the upper and lower bounds from four shocks.

The maximum differential was 7 db. This may
To determine the effect of isolator be reduced by a better designed isolation

compression on the shock response spectrum, system. The isolation system used during
the preload on ZZR-765 Silicone rubber this testing had no provision to center the
isolators was increased from O.O04 to 0.125 bolt in the response plate clearance hole.
inch. The rubber was then removed entirely to Consequently, the bolts were able to interfere
show the hardmounted condition. The setups with the response plate causing an increase
shown in tests number 9, 1lh, 15 and 16 were in energy to the response plate. It is also
used to study this parameter. recommended that a bottoming type isolator be

used to assure repeatable compression.
BASE HEIGHT FROM FLOOR A -- - - - - -

The normal height was 16 inches. The
plate was lowered to 8 inches to determine
what effect this parameter had on the spectrum.
Refer to tests 9 and 17.

AMOUNT OF EXPLOSIVE

The influence of the amount of explosive I
was determined by detonating various amounts
of charge under the plate. The test was
performed using a No. 6 blasting cap to
detonate a length of 50 grain per foot PETN
Primacord. The charges used were the cap only,
cap and 10 inches of cord, cap and 20 inches
of cord, and cap with 40 inches of cord. Refer
to tests number 9, 18, 19 and 20.

Figure .5 R.PEA. TA Nl ITY
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HORIZONTAL RESPONSE EFFECT OF BASE PLATE THICKNESS

The horizontal response of a typical Base plate thickness of 2, 1, and 1/2
shock is shown in Figure 6. The horizontal inches were tested and had little effect on
axis response differed up to 11 db from the the shock response spectrum. The plots of
vertical, but averaged about 6 db lower, these spectra are shown in F- -ure 8. A plate

thickness greater than 1 inch 1!z recommended
since the bottom of the plate does geL severly
galled after repeated shocks.

s

A/ A

//1

50 -

Figure 6. ItORIZONTAL RESPONSE '® . ',

Figurt 8. BASE PLATE THICKNESS
EFFECT OF BASE PLATE MATERIAL

EFFECT OF RESPONSE PLATE MATERIAL
The shock response spectra obtained

during the tests on the 1 inch phenolic Figure 9 shows the spectra obtained from
base plate (test number 1) and the 1 inch the different response plate materials. This
aluminum base plate (test 2) are shown in parameter had the greatest influence in the
Figure 7. These show that the base plate 1OO to 2K frequency range. Phenolic and
material had little effect on the resulting masonite had peaks in the spectrum at a low(-
shock response spectrum. An aluminum plate frequency than aluminum and steel. This
is recommended because it resisted the should enable shaping the spectrum in this
explosion better than the phenolic. frequency area.

I-I

ERR AREI

a . N a T 0 Is TI

Figure 7. BASE PLATE MATERIAL Figure 9. RESPONSE PLATE MA 7 ERIA L
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EFFECT OF RFSPONSF PLATE THICK ESS EFFMCT OF ISOLATCh CO td.SSIO1J

The -pcctra from the t.cstint, on r'e*pon. c- Figeure 1 shows the efiect thaot ti htninr
plite thickne!.s

. 
of 1/R, 1/A, 3/8 and 1/: inch thf iroltion joint hd on tri shock -pectrur.

are shore in Figure IC. As the th1ckne.- Thv tests were performed hy first tirhtnn,'
incrteased the spectrum response p's decreased, the bolts :nut (G.OOL inch of corlres ion),

one turn (0.0625 inch compression), and two
turns (0.]250 inch compression). The rubber
washers were ZZR-765 1/8 inch thick and 1 inch
in diameter with a 3/8 clearance hole fer the
bolt. The spectra increased with increased
preload with a more pronounced effect in the
higher frequencies. This appears sorneshat

- different from that observed by varying
. ,,. isolator material.

,/. Or I

The spectra that results from using

different types of rubber are shown in ,
Figure 11. AF shown, the trend indicates SK 1. , ,
that as the stiffness of the isolation joint , -1t,,.
increases, the response p's above 1.5K Figure 12. COMPRESSION OF ISOLATOR
increase . Below 1.5K, the spectra ar not

influenced. This gave some control over the
shaping of the spectrum in the high frequency FYFYCT OF BASE PLATE HEIGHT
area. The 1.5K rolloff was only applicable
to this test configuration. A different The effect of the base plate height above
response plate material might change this the floor was studied by lowering the plate
rolloff point. from 16 inches to 8 inches above the floor.

The spectara showed little difference as shown

in Figure 13.

EFFECT OF AMOUNT OF EXPLOSIVI

' Figure l4 represents the relation~hip

, i~m ' ibetween the amount of charge and the shock
responre spectrum. As the charge was

/ _increased the shock response spectrum
increased. Thi was observed over th, "

frequency range, howcver, the upper
frequenciLE tended to increas!e more thr . the
lover frcquencies.

Figure I1 ISOLA TOR MATERIAL
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Figure 13. BASE PLATE IH EIGHT Figure 5. PLAEMENT OF EXPLOSIVE

[oI EFF}..CT OF ThE £bAPE OF EY.PLO&I]yr

The shae oarn epoweve was chanted
from a tangenti m] 20-inch circur.ference circle,

i/I' \%\ /to two 1-inch concetric circle t forned 90

4 degrees to each other to reseble a sphere, to
,/- -.. . Aa V-shaped charge. In all cases the tctal

.... /A explosive was 20 inches of P rimsacord anda
detnsinca. Te pefrus Figre16

ip sh:d little variance, however, the V charce

did display a greater response above 5K Hz
than the other two.

,o7 7 4 TANEo tV,,Z ,.

Figure 14. AMOUNT OF EXPLOSIVE -

FFFECT OF PAA ECliNT OF EXPLOSIVE _ - v

The location of the explosive under the
platr was v'jried from directly against the
plate to 16 inches below the plate. The
nfluerc, of thiE prampter wa., rgliJb) zs

can be- vren in Fifgure 1;. t - ----------

Figure 16. SHAPE OF EXPLOSI VE
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[FFCT OF SFECIIENX 1IGHT

The tj.eci,.en weight ws increased from
" t 7C pounds. Hoever, trie spectrums showed
no dependence on this variable. Refer to
Figure 17.

i5 , ISi 2i 0

4 I

Figure 17. SPECIMEn WEIGlT

T he response plate technique provides an
inerenasive, contrllabie simulated pyro-
technic env ironment. If this approach is
selected, the following relationships ill be
helpful in the desin and modification of a
test fixture: the amount of the explosive
increased the eetire shock response spectrhe
increasing the isolation joirnt stiffness

increased the shock response spectrum above
1500 H{z but had little effect on the spectrum
below 15OO 14z; the material of the response
plate altered the entire shape of the shock
response spectrum; and as the thickness• of the
response plate increased, the shock response

spectrum decreased. These parameters offer
some control for shaping the shock response
spectrum to a given specification. The base
plate material, base plate thickness, specimen
weight, height of the fixture, shape of the
explosive and placement of the explosive had
no appreciable effect on the shock response
Epectrum for the test configurations used
during this study.
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DISCUSSION

Mr. Galef (TRW Systems): I am sure you Mr. Thomas: We analyzed at a Q of 10.
must have spent some time thinking about the
reasons why we had so little effect from, for Mr. Gertel (Kinetic Systems): I am a lit-
example, the explosive being right in contact tle curious about the use of an explosive as
as opposed to being sixteen inches away. Why opposed to striking the base plate with a bal-
there was so little effect from the weight of listic impact. Is there any particular advan-
the specimen? I would very much like to have tage to using an explosive over just a plain
the benefit of your thoughts, bang on the bottom of the anvil?

Mr. Thomas: The system is excited by a Mr. Thomas: During preliminary calibration
pressure wave generated by the explosive and of the fixture, we used this technique to test
the closer to the explosive the greater is the the isolator compression. We dropped the ball
pressure, but the area is less. So, given the on it and monitored the shock response on the
area the input should be the same. The overall response plate when the ball was dropped on the
effect on the displacement of the base plate base plate. You may put more into one corner
would be the same in all instances, than the other. The explosive was there and we

were using this technique on one of the projects

Mr. Galef: Do you think the difference in in-house, so we just employed this for one of
coupling through th. air and through solids is the other contracts.
trivial in comparison to that? It is a little
bit hard to accept. Mr. Gertel: Did you try computing shock

spectra for the simple mechanical impact by any
Mr. Thomas: When we put the explosive chance?

directly against the base plate, we did see
higher response in the high frequency area of Mr. Thomas: No. I did a little work on
the shock spectrum. We did see an increase, but this when I first started out, but I went over
it was slight. to the explosive.

Mr. Koen (Bell Telephone): What kind of Mr. Powers (McDonnell-Douglas): What type

sampling rate did you use in the response of transducers did you use?
spectra? Were they undamped?

Mr. Thomas: I used an Endevco 2225 and an
Mr. Thomas: We used an analog shock spec- Endevco 2730 charge amplifier.

trum analyzer.

Mr. Koen: I might suggest then that in the
undamped spectra I've seen I would expect that
your system would have a very low sampling rate.
I believe you need to get up in the 10 KHz re-
gion, something like a sampling rate of 80 KHz.
I've seen spectra from similar kinds of tests,
and they were extremely jagged on an undamped
basis in the high frequency end.
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TEST METHOD TO QUALIFY

ELECTRONIC COMPONENTS IN

SHOCK AND SUSTAINED ACCELERATIONS

R. K. Melzer
Sperry Univac DSD
St. Paul, Minnesota

A unique method has been developed in holding electronic components prperlv in a test
fixture for shock and centrifuge qualification testing. The components are frozen into a
fixture block. This method gives the highest degree of undisturbed energy transmission into
each test specimen without discrimination of physical tolerances of the components.
location in the fixture, or fixture elasticity. A special shock machine was developed for
these tests to provide the necessary undercooled test equipment, which is also explained.
Centrifuges are operating undercooled to control the bearings and are just ideal for this
application.

INTRODUCTION It is well known that the oldest method of clamping the
components to a fixture plate is imperfect as soon as more

The environmental qualification of electronic components is than three components are used. For economical and time
one of the first steps in the way of designii.,, manufacturing, schedule reasons and the great number of components to be
and testing electronic equipment from the component and tested, it is, however, desirable to test more than three items
the raw material level to a reliable operating unit. The end during one test run. The clamping method results in a stat-
product will show better cost savings and fewer rejects in the ically indeterminate system. Uniform clamping to give each
course of development and manufacturing if the testing was component the same transmissibility cannot be accomplished
carefully performed on the electronic components. because of variation in the physical dimensions (tolerances)

of the components. The use of elastic clamping adapters has
been applied to cover these dimensional differences. These

The stress levels and test procedures for DIODES, TRAN- adapters had to have low stiffness properties (rubber) to
SISTORS, RESISTORS, and INTEGRATED CIRCUITS are avoid damage of the components, and created additional
contained in the following military specifications: resonance problems.

MIL-S-19500 GENERAL SPECIFICATION FOR
SEMICONDUCTOR DEVICES Paraffin, wax, and epoxy have been used to mold the

components into fixtures. Paraffin and wax are very soft and
MIL-STD-750 TEST METHODS FOR SEMICON- do not adequately transmit shock pulses, but the molding

DUCTOR DEVICES and recovery of the parts is simple. Epoxy molding is better
than paraffin or wax in view of the pulse transmissibility (see

MIL-STD-883 TEST METHODS AND PROCE. Figure 1); however, the curing and recovery of the parts into
DURFS FOR MICROELECTRONICS and out of the fixture is a time consuming operation.

One significant problem in qualifying these components in UNIVAC DSD recommended, investigated, and uses ice for
the mechanical environments of shock and sustained accelera- the embedding medium of the components, and has proven
tion is the transmissibility of the acceleration and stress levels its feasibility.
from the test machine to the specimens. The outputs of the
shock machine can be monitored by accelerometers, but the THE PULSE TRANSMISSIBILITY OF ICE
component itself s too small to allow the monitoring of its
response by accelerometers without changing its dynamic A number of studies and tests have been performed to obtain
parameters. Here we depend on the perfect solid mounting of knowledge of the transmissibility of pulse forces through ice.
the components to the test fixture and we assume that the A qualitative mean (not the chemistry interpretation) for the
component gets what the machine gives, or in other words, a dynamic properties of elastic solid materials in propagating
100% transmissibility. induced shock waves is the velocity of sound. The velocity of
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Figure 1. Spectrum of Velocity of Sound For Different Materials

sound for these materials can be tetermined fros, the shock levels for a 1.0 M.S. pulse duration. The filter cut-off
expression was set at 2,500 Hz for a ratio of 5:1 to the pulse frequency.

c rEn-m/sec The ice in the aluminum block was changed between the
record of 3b and 3c to check the effect of two different
freezing setups. The similarity of the two response curves,
that of aluminum and that of ice in the records, is remark-where E is the modulus of elasticity and p is the specific mass able. The ice has the tendency of higher damping propertyof the material. Figure 1 shows a comparison of these values than aluminum. The transmissibility of ice from these and

for the most relevant materials as given in Ref. [ 1 ]. The data other tests can be derived to be 96% of that of aluminum.
for ice was found in Ref. [ 2 ]. It can be seen that ice has a The ice column did not shatter or granulate under the inertial
wave propagation in value just below that of metals and is far forces of the transducer mass, which were considerably

forces tha toe epoxye mass, whir pareaffideab.above that of epoxy, wax, or paraffin, higher and attached to a smaller contact area than that of an

imbedded component.

Further knowledge of the shock transmissibility of ice was
gained by shock tests with accelerometers, one attached to an HOW TO FREEZE COMPONENTS INTO A FIXTURE
aluminum block, the other attached to the ice, frozen into a
cavity of the same block. The tests were run on a JAN-S-44 An aluminum fixture-block of 2 inches cube for quick change
shock machine at different drop heights. Two ENDEVCO of test axes was prepared with holes to fit the size of the
2213 accelerometers with identical calibration data, two components. Several of these components were placed into
amplifiers, and two filters of the same make and the same these holes, then filled with tap water and placed in a refrig-
cut-off settings were used. The pulse responses were recorded erator for freezing (Figures 4, 5, and 6). Notable in Figure 6
on a dual trace memoscope. A diagram of the test setup is are the ice domes on top of the cavities that indicate the
given in Figure 2. expansion of ice during the crystallization. These domes are

shaved flush to the surface of the aluminum block to provide
a flat surface of any side when installed in the shock machine

Three typical pulse records from these tests are given in (Figure 13). Figure 7 shows the insertion of a big dual in-line
Figure 3. They represent the response of three different flatpack into the shock block in the bigger holes. The
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Figure 2. Test Setup to Measure the Shock Transmissibility of Ice

646G ;:

268 G
1180 G

280 G 630 G 1200 G
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A B C

Figure 3. Pulse Records

complicated multiple prong-type shape of the flatpack reveals The following stepwise studies were initiated to investigate
particularly the simplicity of this holding method by simply the problem:
inserting the component in water and using the natural
transform of water to ice to give a hundred percent clamping 1. Perform a literature study,
condition. This freezing program was first performed at low
temperatures of -40 to -600 C in an unspecified manner, with 2. Freeze a large number of transistors randomly located in
regard to the freezing temperature. The emphasis was the hole of the block to get statistical data.
directed to a short freezing time for economical reasons.
Compact components like resistors did not show any damage 3. Freeze several transistors fitted with a strain gauge on
to the body, but components with membrane-type covers the flat top of the cover to get comparable pressure
like transistors and flatpacks often suffered dented covers, data,
see Figure 8. The dents in the covers were so deep that the
components suffered electrical shorts. The freezing process of 4. Freeze a specially developed and calibrated pressure
water produces a pressure buildup when changing from the transducer to get data of the ice pressure in three
fluid to the solid medium. To make the process of mounting mutually perpendicular axes.
components by freezing successful, it was necessary to obtain
additional information in regard to the extent and the cause The literature study revealed that an enormous amout of
of the damaging pressure buildup. A study of this phenom- work has been performed over the years on the properties of
enon was conducted to explore the functions of freezing ice. Practically all physical and technical characteristics above
temperature and the freezing on the components. and far below the freezing point are available. Relevant
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F'igure 4. Insertion (it Components in the Figure 6. The Shock Block After Freezing
Shock Block

Figure.5. Filling the Shock Block Figure 7. Insertion of Big Dual In-Line
With Tap Water Flatpacks
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Figure 8. Damaged Transistor

information of the pressure buildup at 0°C and close to it is During the second experimental study we placed a strain
missing. This information, however, appeared important gauge on the top of a TO-5 transistor and a thermocouple on
because it is not desirable to work in the medium or low the strain gauge wires. The strain gauge was not calibrated in
temperatures with all their possible damage potentials while terms of pressure during these tests. The strain results are
holding the components in ice. Only the volume increase of therefore proportional to pressure, and evaluated to compare
9% at the transition from water to ice at 0°C is given in Ref. the pressure on a percent basis between the different freezing
[3]. rates. The top limit of 100/ for the ordinate pressure scale in

Figure 10 was selected for the maximum strain, measured
The first experimental study was done with a large number of during this test series at -42°C ambient freezing temperature.
rejected TO-5 transistors, frozen in the test blocks. Two When the transistor was frozen into the block which is used
different ambient temperatures were used. The test setup and for shock tests, the response of the strain gauge and the
results are given in Figure 9. The conclusion from this in- thermocouple were recorded. Tests were run using four dif-
vestigation was that the lower ambient freezing temperature ferent ambient temperatures, -9

0
C, -250 C. -330 C, and -42 0 C,

caused the greater internal pressure, which gave four different freezing rates. The ambient temper-

ICE AL BLOCK

AMBIENT TEMPERATURE -25°C -900 C

EXPOSURE TIME 2 HOURS 2 HOURS

NUMBER OF TRANSISTORS 373 204

NUMBER OF FAILURES 0 24

PERCENT FAILURE 0% 11.8%

Figure 9. Freezing Test of TO-5 Transistors With Random Location
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Figure 10. Freezing Test of TO-5 Transistor With Strain Gauge and Thermocouple

atures in the freezer were held within -30 C and the freezing and the dimensions of the hole for freezing were made
time ranged from 72 minutes at -90 C to 20 minutes at -42°C. proportional to that of the TO-5 transistor conditions.
Figure 10 shows a sketch of the test setup and a summary of
the test results. It is apparent from the curves that there is a The first series of tests, starting with a short freezing time.
sudden and relatively large increase al pressure when the ice was performed, of which the results are given in Figure 11.
is forming in the range from 0°C to 4 0 C where ice ap- These tests were not further explored because actual freezing
proaches its biggest density. The severity of this increase is and testing of components with a low freezing rate at less
determined by the freezing rate, which depends on the than 10°C ambient temperatures and 60 to 120 minutes
ambient temperm~tire. The tests with the higher freezing rate, freezing time did not produce any failures. The results of
-33°C and -42

0
C, started to build up pressure at -l°C. This Figure 11, however, indicate a noticeable difference of the

occurrence was not further investigated, but can have two pressure buildup in the transverse and axial direction. This
explanations. First, the higher freezing rate can be unstable at information was used for the orientation of components with
the freezing temperature. Second, the buildup of ice crystals pressure sensitive planes.
is initiated by impurities in the water. Chemically clean water
was undercooled in a test to a temperature of .72 0 C before
ice crystals were formed, Ref. [41. Since the same tap water Ice has a positive coefficient of thermal expansion which
was used for all these tests, it also can be a combination of indicates that the ice tends to contract with a decrease in
both explanations. temperature. Therefore, storing of test blocks with frozen

components at a lower ambient temperature than that used
The conclusion that can be drawn from these tests is that the to freeze the components in the block will cause an increase
least internal pressure occurs with the slowest freezing rate of the internal pressure. This effect is further promoted by
and the highest practical ambient freezing temperature. the aluminum block which contracts at a rate almost 10

times that of ice. Therefore, storage of frozen blocks, until

We arrived at a point in the study of the ice potting where the time of testing, must be kept at the same ambient

the knowledge of the actual pressure expressed in psi was temperature as the freezing temperature.

desirable. From a theoretical analysis the TO-5 transistor cap
would plastically deform around 75 psi. The actual pressure
must be held reasonably below that level. Since the freezing RESULTS OF THE FREEZING STUDIES
cavities are of a side ratio greater than 1.0, determined by the
length over the diameter, the pressure data in these two The results of the freezing studies to embed electronic
directions was necessary to know. A pressure transducer was components in ice for shock and sustained acceleration tests
designed, made of an aluminum block, 0.5 inches cube, with revealed that this method is better than potting methods of
diaphragms on three mutually perpendicular sides of the other embedding materials. It surpasses any clamping fixture
block. The elastic deformations of the diaphragms under and showed better pulse transmissibilities, is simpler in
external pressure were monitored with strain.gauges attached handling, and permits faster test procedures. An internal
to the center of the diaphragms on the inside of the hollow UNIVAC freezing procedure was accomplished that concen-
block. This transducer was calibrated in a device designed for trates to hold the ambient freezing temperature between
calibrating of hydraulic gauges so that the strain data received -4°C and -10 C and to hold the freezing time between 60
during the freezing process could be converted into pressure and 120 minutes, depending upon the size of the cavity. A
data. The test setup is demonstrated in Figure 11. The size of comparison of available data of this method with the ep-','-
the block was made as small as seemed to be practical. Its size potting is given in Figure 12.
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Figure 11. Freezing Test of a Pressure Transducer

ICE TEST EPOXY TEST

FREEZING 60 MIN. CURING 360 MIN.

TESTING 3 AXES 5 MIN. TESTING 3 AXES 5 MIN.

THAWING 5 MIN. DISSOLVING 2160 MIN.

TOTAL TIME 70 MIN. 2525 MIN.

TIME RATIO 1 -36

SHOCK TRANSMISSIBILITY 96 TO 100%

FREEZING TEMPERATURE -40 C TO -10 0 C

FREEZING TIME - 60 TO 120 MIN.

STORAGE TEMPERATURE -4
0 C TO -10 0 C

OF FROZEN BLOCKS

Figure 12. Processing Data of Two Potting Methods
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Ilernet ic seal test s with dift Iere!I tN Ies tf f It (i ,, ltellS h , e durometer hardness. The basil design proides a spring for a
been performed before and afler tile shotk and entriluge 1.500 ( awcelratinile vel. 'Ill( rubber pad Aas experimen-
tests for which the ctmponlents were t'ri.en into the fixture tdlN determined to give it 0.0005 Aeond time duration. 'the
hocks wit hin ll he limil s of the eshl lished provessing speci'i- saIet- spring compresset ti a higher prestrems leiel by clang-

catlon. No seal brteaIk or i, )wer degilldtthn of tie lt'hecked itig a conlpremison block on top of the mac'hine (Figure 131
,I.lptlents (tOlld 1I Ieterlliud. proiles i 3,000 G acceleration level. The tine duration of

this pulse was measured at 0.0002 seconds by using the same
TtHE SIICK TE.T MAClINE rubber pad. Pulses that have been measured with this

machine are gisen in Figure 16. These graphs represent (Aj
Shck testing to be dione with the undercooied otpotneit the basic puLse, (B) a check of the acceleration If the anvil
and fiXture-bloik ol the cot'ventional type of shock when tile spring is released, and (C) the repeatabilit*k of the
nathijtis was impractical. The Machine had to) be tlider- pulse. The filler cut-off frequency was set at 7.500 liz at ia
otileid froln l) e 0I(LOM atmbient tenperl Lre to at least the ratio !)I 7i.5 to 1.0 to the pulse frequency. Of partic ular

teiperlatuire level of the conmponents to avoid nieltig of the interest was to prove the anvil acceleratio effe t when

ice and toosening uf the comtpotnents iii the fixture. A teal- released froitn tie catns. The records are runni
n
g from right to

peralure chamber for the whole ntaChinle would be Ln- left. Noi acceleration can reall.*, be detected. A theoretical
ectloniit al and a chantber for the test anvil oinly would have figure is iii the ttagnitude of 50 G or 3.3' ot tie nlaxitlult

to be shock proof with all the design complications. pulse a(cceleratiot.

A very compact shock machine was designed (Figures 13, 14,
iutd 15). The free tall of tite anvil table was reduced tol a The motion of the anvil is controlled b, two cam, wii( I are

2-inch height and the necessary potential energy toI provide driven by an electric notir and a reductiotn gear. The running
the required end or contact velocity was stored it a pre- speed of the system is adjusted to one sho(k per sectti and
stressed coil spring. This principle is not new and has been catt he set fir a selected number of blowts. depending 0n the
applied in different forms of potential energy storing by specification of the cotponent to be tested (Figure 131
contmerciall . available shock machines on the market. The
anvil table is carryinp the 2-inch cube aluminum block into
which the componeiLns are frozen (Figure 14). The cube The shock tester itself is held at an operational tetlpert ure
shape (If the fixture-block was selected for quick change of of -1511C. This is achieved it it a refrigeration unit ot 0,33
the specified three Ittutually perpendicutlar test axes. The 1IP capacity. The layout of tite cooling unit and the insuh-

SIttact material for tie a!nvil table ott the base is a 0.25-inch tioll container housing the shock machine are wllen in Figures
thick and 3.0-inch diameter pad of die-rubber of 67 to 68 13 and 15.

Figure 1:3. Shock Mchine Assentllv
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Figure 14. Shock Machine Detail Figure 15. Shock Machine With Thermal Insulation Cover

'44' RUBBER DISC '"RUBBER DISC .RUBBER DISC

400 GIDIV. 400 G DIV. 40OG DIV.

1 0.5 MS/DIV. 2.0 MS DIV. 500 MS DIV.

2 0.2 MS/DIV. FILTEP 0.2 7500 CPS FI(LTE R 0,2 7500CPS

3 0.1 MS/DIV. CHECK OF DECELERATION CH4ECK OF PULSE

FILTER 0.2 7500 CPS REPEATABILITY
BASIC PULSE

A B C

Figure WG. PulSe Records of the Shock Marchine



TIE SUSI'AINEID ACCELERATION TESTIN(G variety. During actual test they have a uniform orientation to

test in one particular direction. The insertion of a flatpack is
The use of the ice potting method for testing electronic demonstrated in Figure 19. Care is taken to place the
components requires a test machine to be operated in an components in the center of the cavil % to hold a uniform
undercooled temperature field. Centrifuges that are used to radius and a ( stant (-level during the test. The parts are
load parts Up to 50,000 G. are running with shaft and hearing frozen in the block by the same procedure as the parts are
velocities of 25,000 RPM. This requires special care of frozen in the shock blocks. A low as possible freezing rate is
cooling the bearings which is achieved with a refrigeration applied with an ambient temperature between -4 C to -10"C
system that holds the shaft bearings and wheel at -1 50 C. over a period of 60 to 120 minutes. No failures or crushed
These properties of the centrifuge .ere just predestined to parts have been encountered.
use the ice potting method for sustadned acceleration testing.

Univac uses a centrifuge for these tests made by the Inter- Sustained acceleration tests with electronic components have
national Equipment Company (Figure 17). Test heads were been performed at 20,000 G, 30,000 G, and 40,000 G with
designed in cooperation with the manufacturer that permit no problems or deteriorating effects on the ice. When the
the components to be frozen in. The heads carry ring-type 50,000 G level is exceeded the ice begins to granulate and the
inserts with cutouts at the periphery which house aluminum component begins to loosen. This phenomenon of ice undc,
blocks 1.0 x 1.0 x 1.75 inches with a cavity 0.75 inches in extremely high sustained acceleration has not been ine
diameter to hold the components. Two-way oriented cutouts tigated to understand this behavior in nature or to git.
are applied to permit testing of the components in all speci- explanatory datar. The mechanical limit of using ice to hold
fied directions (Figure 18). The fixture-blocks in Figure 18 electronic components for this type of test can be set at
are oriented in different directions to demonstrate the 40,000 G.

a

Figure 17. Centrifuge
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Figure 18. Centrifuge Head With Insert Ring Figure 19. Insertion of Flatpacks
and Component Housing Blocks Into the Centrifuge Block

CONCLUSION Samual M. Selby, Ph.D., Handbook of Chemistry and
This paper describes the development of a method to freeze Physics, pp. 2317-2318. Chemical Rubber Publishing
electronic components into a fixture-block for shock and Co., Cleveland, Ohio, 1956.
sustained acceleration testing, and leads to draw the follow-
ing conclusions: 2. N. E. Dorsey, Properties of Ordinary Water Substance,

pp. 460-461. Reinhold Publication Corp., New York
1. The transmissibility of shock pulses through ice is 96, 1940.

that of structural metals.
3. K. F. Voitkowski, "The Mechanical Properties of Ice,"2. The freezing process must be controlled and the freezing A.D. Rept. 284777, 1960, Translated from Russian by

rate kept as low as possible to avoid critical pressure t.e A e ri a M eteo, o9ogic a l ae d fo m R uss .

buildup. This can be achieved with an ambient freezing the American Meteorological Society, Boston. Mass.

temperature between -40 C and -10C. 4. W. Rau, "Molecular Structure of Deeply Super-Cooled
Water." Nature, Weekly Journal of Science, Vol. 157,

3. The method is simpler, more reliable, and more No. 3983, pp. 267, March 1946.
economical than those of clamping fixtures or other
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TIH USE O1 SILXK_R-0TIMIZEI) PE'RIODIC TRANSIENTS

IN .MATCHING FIELD SHOCK SPECTRA

D. 0. Smallwood
Sandia Laboratories

Albuquerque, New Mexico 87115

and

A. F. Witte
Kaman Sciences Corporation

Colorado Springs, Colorado 80907

Present methods of matching field shock spectra in the laboratory are
often inadequate. Classical pulses produced on conventional shock ma-
chines often result in poor synthesis of field shock spectra at either the
high-frequency or low-frequency end of the spectrum or both. The
match of shock spectra is usually very limited in frequency range.

A technique has been developed and is described in this report which
utilizes decaying periodics produced on vibration exciters to match
shock spectra over a very wide frequency range. These periodics, con-
sisting of decaying cosines superimposed on a cosine bell, are well
suited to reproduction on both electrodynamic and electrohydraulic ex-
citers. The acceleration, velocity, and displacement characteristics of
these transients meet limitations imposed by the physical capabilities of
vibration exciters.

The method of synthesizing shock spectra consists of adding several co-
sine transients having frequencies, decay rates, and amplitudes necessary
to produce a composite shock spectrum closely matching the field shock
spectrum. The mechanics of determining frequencies, decay rates, and
amplitudes is simple since the spectra for individual decaying cosine com-
ponents add in the frequency domain.

Digital techniques can be used to synthesize the transients and to provide
I properly conditioned input signals for accurate real time control and re-

production of these transients on vibration exciters.

NOMENCLATURE r duration of a shock pulse or transient
(see)

ii(t) acceleration at any time
r decay rate

A peak value of acceleration in the time
domain wc circular frequency (rad/sec)

*(t) velocity at any time wAn circular natural frequency (rad/sec)

x(t) displacement at any time t time

i V_-_I or an integer subscript

This work was supported by the U. S.
Atomic Energy Commission. II a constant
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INTRODUCTION as long as the acceleration, velocity, and dis-
placement requirements meet the physical

The work described in this paper was limitations of the exciters. Because of these

initiated primarily for the purpose of developing limitations, vibration exciters are poorly
a technique for producing transient vibrations suited to reproduction of classical pulses as
on low-frequency electrohydraulic exciters. will be explained in the next section. However,

However, the resulting technique is one which they are well suited for the reproduction of
is suitable for use on both electrohydraulic and oscillatory type transients.
electrodynamic exciters. The technique uti-
lizes summed decaying periodics which have
been optimized for exciter operation to match
shock spectra over wide frequency ranges, and
is philosophically similar to the technique
developed by Yang and Saffell C 12

The normal procedure for matching 90

(enveloping) shock spectra of field transients
or an ensemble of field transients is to use

shock spectra of "classical" pulses (half-sine,
terminal peak sawtooth, haversine, etc.). 0

These classical pulses are then produced on
conventional shock machines. This generally
results in a good match of field shock spectra
over a very limited frequency range and severe
overtests and/or undertests over the rest of

the frequency range of interest.
-I00 , , l , ,

A specific physical example will illus- 40 60 81) 10o 12, 14,.

trate this point. The example is that of a box- Ti-e (Ms)

car rail hump. The time history of a typical Fig. 1 - Standard boxcar rail hump time history

event is shown in Fig. 1. The shock spectrum*
of this event is shown as Curve c on Fig. 2.
The average and maximum composite shock 1001
spectra for many similar events are shown as
Curves a and b, Fig. 2. Two half-sine pulses
are included as Curves d and e. As can be
seen, a low-level, long-duration half-sine 6XL
(Curve e) closely matches the composite spec- 5
trum below 50 Hz but is a serious undertest at

the higher frequencies. The higher level, short T100- 1'c,
duration half-sine (Curve d) will cover the -

higher frequencies but overtest the low fre- .

quencies. Clearly, the ratio of high-frequency 
e

energy to low frequency energy is larger for o

the field data than a half-sine.

This is only one example of many field
records which indicate oscillatory transient Io j

l10 100 t0

vibrations which are poorly simulated by Frequency (117)

classical waveforms. Examination of flight
shock data also results in the indication of poor Fig.2 - Standard boxcar rail hump shock spectra
simulation. a - maximum standard boxcar composite;

b - average standard boxcar composite;
Vibration exciters (electrodynamic and c - a single standard boxcar event time

electrohydraulic) provide a versatile means of history

producing transient vibrations or shock pulses d - 200-g, -6-msec half-sine
e -

4
3-g, 29-msec half-sine

*All shock spectra reported in this re-

port are for a 3 percent damped single degree

of freedom system unless stated otherwise.
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VIBIRATION EXCITER LIMITATIONS

rhe types of transient vibration or shock A:k A

pulses which can be accurately reproduced on V
both electrodynamic and electrohydraulic ex-
citers are very much dependent on the physical
limitations of the exciters. These limitations
are listed in Table I and are briefly discussed
here.

TABLE 1 AW

Exciter Limitations / -' blSPJ~t.',L,1

Limitation - -- ""
No. Initial Final Maximum 0 TIME

I (0) 0 K(ir) = 0 Limited
2 *(0) = 0 i(T) 0 Limited Fig. 3- Half-sine acceleration, velocity, and3 x(0) = 0 x(r) = 0 Limited displacement characteristics

(Electro-
Sdynamic) One can see that the limitations of zero

final velocity and zero final displacement have
The initial and final acceleration and not been met. Classical pulses (haversine,

velocity of a transient must be zero for both parabolic cusp, triangle, square wave, etc.)
electrodynanmic and electrohydraulic exciters. all result in residual velocities and displace-
As with any type of testing machine, maximum ments and therefore cannot be accurately re-
attainable values of acceleration and velocity produced on vibration exciters without modi-
are limited. Acceleration is actually limited fying the pulses.
by the force capabilities of the exciter.

DECAYING SINUSOIDS TO MATCH SHOCK
Flexures in electrodynamic exciters SPECTRA

generate restoring forces which return the ex-
citer table to its originating position (defined The first attempt to develop a method for
as zero), and limitation 3 holds. This is not a matching shock spectra over wide frequency
requirement for electrohydraulic systems; ranges was to use decaying sinusoids. This
however, by imposing this limitation one can provides an excellent means of matching shock
take advantage of both the forward and return spectra but results in velocities and displace-
portion of the stroke to generate the required ments which do not meet the limitations of
transient. This effectively results in doubling electrodynamic and electrohydraulic exciters.
the displacement capacity of the exciter for However, a brief discussion of the use of de-
generating transients. Thus for the purposes caying sinusoids is included at this point since
of this discussion limitation 3 will also be con- the technique provided a considerable contri-
sidered a limitation for an electrohydraulic bution in the evolution of developing a more
exciter. suitable transient for reproduction on vibration

exciters.
REPRIODUCTION OF CLASSICAL 13ULSES

Consider, therefore, a single frequency
Consider the half-sine shock pulse shown transient whose acceleration, velocity, and

in Fig. 3 where acceleration, velocity, and displacement characteristics are described in
displacement are defined by the following the time domain by the following relationships:
relationships:

( Ae
- Wt sin wt (4)

k(t) A sin rt/r (I)

Ar(t) 2 ( sin wt + cos Wt)
(t) _._ ( - cos 7rt/r) (2) W + 1)

x(t) A A r2 (-rt/r - sin rt/r) (3) + A (5)
2+ 1)
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and
A e - u t  2 - • "2

x(t) ' ( sin et + 2( cos wt [ i,[llllmil .'22

At 2 \1) .

" C "2 ' T 'I ; .. . .

These relationships are graphically illustrated 2 i
in Fig. 4. The reader can immediately observe = 7 ,

that the final velocity uid displacement are 2 1

nonzero and do not meet the shaker limitations

previously described. [Disregarding these dis-

advantages at this point, consider the normal-
-

-. .
ized shock spectra of a single frequency de-

caying sinusoid shown in Fig. 5 for varying

decay rates. Several things are interesting to -, , j.:- .!J

note:
1 0

1) Shock spectra levels of greater than NORMALIZED FRI QUENCY (nfwJ)

two can be obtained. (Classical pulses
result in maximum Values of shock Fig. 5 - Normalized shock spectra for a single

spectra of two or less. frequency decaying sinusoid

2) Maximum shock spectra levels decrease individual single frequency decaying sinusoids.

with increasing decay rates. Thus by judiciously choosing frequencies,

amplitudes, and decay rates of the individual
3) Shock spectra for high decay rates decayed sinusoids one can obtain an accurate

( ( 0.5) approach the shape of that match of a field shock spectrum. The result-

obtained when using a half-sine. ing transient is described by the following

relationship,

n
A(t) e A sin Wit (7)

f i~ 1

I -F Figure 6 illustrates an example of match-
I ing a field shock spectra using decayed si-

',I if ,I , ."nusoids. The curve represented by the solid
I h 1 ~y i.'i.~'NN~.line is the envelope of shock spectra of an

i [/ensemble of field pulses obtained from switch-
ing/humping ATMS rail cars at 11-mph

r switching speeds [ 2 J.The dashed line repre-
10 sents a match obtained using five decaying

. t)sinusoids. A match to 1. 0 lHz resulted in a
pulse duration (r) of 359 msec. The residual
velocity and displacement were 185 inches/
second and 62 inches, respectively. Shortening

the pulse duration (i. e. , truncation of the

pulse) to 150 msec resulted in a match of the
shock spectra to 2. 2 IHz (degradation indicated

I 01 by the dotted curve), with the residual velocity
and displacement of 210 inches/second and 22

Fig. 4 - Decaying sinusoid acceleration, velocity, inches, respectively. Decreasing the duration

and displacement characteristics of the pulse to 75 msec resulted in considerable

degradation of the shock spectra and a match
fly adding several decaying sinusoids of to approximately 5. 5 lIz. The residual velocity

various frequencies, amplitudes, and decay and displacement were approximately 170

rates one can obtain a shock spectrum which is inches/second and 8 inches, respectively. The

the composite of the shock spectra of the acceleration, velocity, and displacement
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relationships for matching shock spectra to Consider the periodic function shown in
2. 2 Hz are shown in Fig. 7. Decaying sinusoids Fig. 8a which is defined by
provide a means of matching shock spectra over
wide frequency ranges but residual velocities y (t) = A e(t cos wt (-T/2 < t S 0)
and displacement are nonzero. (8)

y(t) A e 't cos wt (0 !5 t <_ -/2)

30 DMPING where r is of such length that acceleration, y',
has sufficiently decayed to zero at - T/2 and

ENVELOPE OF FIELD ENSEMBLE T/ 2. Integrating the function from t T -T/2 to
E St - 7/2 using ,(-r/2) = 0 results in a positive

0 FOUR SlOC TRANSIENTS nonzero veloci t at r / 2.

I For acceleration inputs, one way to as-
. sure that the velocity boundary conditions are

/ " FREQ. (ln I AMP(WE Ohj. l I met is to calculate the area under the acceler-
14.0 10 10.0 0.50 ation input function (this is the residual velocity;

• ". 1 1.0 it is also the zero frequency term of the Fourier
11. 0.0 9.8 spectrum), and superimpose a pulse with a re-

ROLL-OFFFEENCY - MAX OLIEL 23.7 sidual velocity equal and opposite to the calcu-
PAX VLLOLITl 69.5 in./seC
M S IsT 6.5 in. lated value. Ideally, the superimposed pulse

should change the input pulse as little as possi-
RE. FRQUENCYz, ble while reducing the zero frequency term of

the Fourier spectrum of the input to zero. A

Fig. 6 - Matched shock spectra using summed good pulse for this purpose is the cosine bell

decayed sinusoids described in Eq. (9).

IB cos 2 17t/T (-T/2 <t < T12)

VELOC ITY,,22.4 in. s(t) = 10 (elsewhere)

20. .-puN Thus two independent variables (13, T) are

ACLAI available for reducing the residual velocity toCC .TO " ,"zero. One of the variables can be used to
t -- / /'DISPLACEMENT

ILEcontrol the residual displacement. If the re-

ciprocal of the pulse duration, 11T, is small
compared to the lowest resonant frequency of
the system, the effect on the response of the

structure will be small.

0. -If the cosine bell is superimposed on the
previous function, the result is shown in Fig. 8c
and is defined by

0. TIME 1se0 .1T

2
Fig. 7 -Acceleration, velocity, and displace- ()= A e cos wt - 1 cos 7rtl/

ment relationships for ATMX car shock (0 S r/20
spectra match using decaying sinusoids -< (10)

ki(-t) = 5(t00

SHAKER OPTIMIZED TRANSIENT THEORY By integrating this function and evaluating

the necessary constants, the value of 13 can be
One can see from previous examples obtained such that the zero velocity boundary

that decaying periodics offer an excellent conditions are satisfied. The required B is
m~ans of matching shock spectra over wide given by,
frequency ranges. The problem is to develop 4Ar
a periodic transient such that residual ve- B - • (11)
locities and displacements are zero. 2 + 1)
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general character (and hence the advantages) of
the spectrum of the decaying sinusoids is pre-
served. If the pulse duration (T) is decreased,
the required displacement will decrease and
because the low-frequency energy has been re-
duced the shock spectrum will start to roll off
at a frequency approximately equal to 2/T.
Thus a compromise is frequently required be-

tween the lowest frequency at which the shock
spectrmn can be matched and the displacement
available. It has also been found that because
of the symmetry about t 0, the pulses will
add in the frequency domain (i.e., shock spec-

trum) as well as in the time domain. This
simplifies the construction of complex spec-
trum spectra when the pulses are summed.

-*L'10 ,, "•.

IfM

Fig. 8 - A SHOC pulse "1.0
I1.

Substituting into the previous equation

A(e) A We cos (Cet) - 2 cos
2 
(rt/r) n

TLC((2 + 1

ra ~(12+) RESPONSE SPECTRA USING 3% DANMPING

xt 600

:(t) 2 [ ( cos (wt) + sin (wt)0('? + 1)

.01.

ANORMALIZED FREQUENCY (,'u+ + 
"  
) V l-_-- sin (2,)] ... A,[,[t[CIaW

an L2 - n Fig. 9- Normalized shock spectra fo,' SIIOC
pulses

and

An example of a typical acceleration,

veoct,2 n displacement time hiistory- is
x(t) 77-- L (2t-T) -_2 cos

2 
(tr) shown in Fig. 10. The time has been shifted

e(l+t ) LT by a factor of r/2 for convenience. Note that
the desired boundary conditions have been met

(14) (i. e. , the initial and final acceleration, ye-
A e- (Wt 2 locity, aod displacement are all zero).

+ A e 2 2 1) cos (u;t) 2( sin(,t)]

EXAMPLES OF MATCHING SIlOCK S'ECTRA
0 < t < T/2 USING TIHE, SItOC PULS),

The first exarn. , will be for an ATMX
Figure 8c shows a typical resulting time rail hump. The shock spectrum was matched

history. The magnitude of the cosine bell has using four frequencic>. The resulting shock
been exaggerated to illustrate the concept. The spectrum is shown in Fig. 11. As can be seen
normalized shock spectra of a single-frequency the spectra match well above 3.5 llz. The low
STIOC (SHaker Optimized Cosine) for several frequency roll-off is a function of r . If r is
decay rates is shown in Fig. 9. Note that the increased, the spectra can be matched at a
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lower frequency; however, the required dis- limits are well within the capabilities of an
placements will increase. The pulse duration electrodynamic systen.
(T) picked was to limit the displacement at less
than 8 inches (a physical limit of Sandia's low-
frequency system). The acceleration, velocity, n,,

and displacement time histories are shown in , In. "

'ig. 12. 1,

ACCIURA8ION , I -n.~ ........ 0 3

A - to 0

- ' I.

/ Fig. 12 -Time history of the SitOC pulse used
to match the ATMX rail hump shock
spectrum

3 OAMP ING
ENVELOPE OF FIELD ENSEMBLE

Fig. 10 - Acceleration, velocity, and displace-
ment of a SHtOC pulse G,

If 'shoC TRANSIENT

Ei FRED (Hz) f AMPUITUDE 1 TISKo

52 1.0 F1 0200

11ViL,1 t1F FLL, NSB LL MA ACEL 0. g

•~ 1 [ISP 19in .

lO. 10. 1 0 0

FR[OUENCY ..I

AWL.I/F AM I FOOE_ I rIO
0 5 ,J, 0.150 Fig. 13 - The use of a S1IOC pulse to match a

So.7 D P 1.0 simnooth shock spectrum
2, . 0.07 2.0

F~.L F 3,., 0.035 2,0
1;: .IET 10.0 The third example illustrates a case

1 0I .2 1 1 where the pulse was duplicated in the labora-

. P 22.'. F. tory. The simulation was of a transient launch
S .. ..... . . - vibration of a missile structure. The test set-

iFREQU'ENCY F'"' up is shown in Fig. 14. The testing was per-
formed on a slip table driven by an 311 C-220

Fig. 11 - Using the StOC pulse to match the electrodynamic shaker. The pulse was re-
ATMX rail hump shock spectrum produced using the lleBrun, Favour tech-

nique [3 . A Xerox Signa V computer was
The second example is included to illus- used to perform the required calculations and

trate that relatively smooth spectra can also be to generate the input pulse. The shock spec-
enveloped using the SIIOC technique. The en- trum envelope of the field event is shown in
velope was developed to represent a portion of Fig. 15 as the desired curve. PlS and minus
a flight environment of a missile system. As 30 percent lines are included as an acceptable
can be seen from Fig. 13, three superimposed error band, The predicted shock spectrum,
StlOC pulses envelope the required spectrum, shown on Fig. 15, is the spectrum of an ideal
The acceleration, velocity, and displacement S1tOC pulse with six components (the components
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are listed on Fig. 15). The time history of the The acceleration peaks of a SHOC pulse
ideal SIIOC pulse and the actual pulse measured are preduminantly positive. For some tran-
at the input accelerometer are shown in Figs. sient testing a pulse may be desired which has
16 and 17, respectively. The shock spectrum approximately equal numbers of positive and
of the actual pulse is also included in [Fig. 15. negative peaks of comparable amplitude. This
As can be seen, the differences between the can be accomplished by alternating the signs
predicted and desired spectra are small. In of the components of the S1OC pulse. How-
other tests, cases have been found where the ever, the procedures become slightly more
reproduced time history differed significantly tedious if the signs are allowed to change. In
from the desired pulse due to noise, system some cases a spectrum can be matched with a
nonlinearities, etc. However, the shock smaller required displacement by alternating
spectra usually differed b) less than 30 per- the signs of the frequency components.
cent. This is not unreasonable as the shock
spectrum is a tolerant measurement of the
characteristics of a time history.

......

, . .

Fig. 14 -Test setup for SHOC test

Fig. 15 -Shock spectra of a launch event and simulation
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2,
1! A4

0.02 U l i4,, 0:.0i; 0 .8

,ig. 16 - Desired time history of the S11OC pulse
used to simulate a launch event

* ' . t T , -

t , I , .

[ " ] i~lnint Ii~tm4- - - .. _ _ _

']'in , (

F.ig. 17 - Actual time history o1' a SI 1( pulse used
to simulate a launch event

tltROCEDUIRES FORl MATCIHING A SH[OCK possible. First, the spectrum at frequencies
Sl'ECTII-2\ WITt[ A SILOC l'ULSE [4] much lower than the frequ~ency of u SILO0("

component will be smafll. This implies that
As was mentioned earlier in the text, the the high- frequency components will have little

shock spectra of the components of the SI 10C effect on the spectrum at tite lower fre-
pulse can be added to produce the spectrum of quencies. Second, the principafl effect on the
the composite. The procedure for matching a spectrum of a SI 1()( component wtill be ntear
complex spectrum is therefore a relatively the frequency of the component. Thte shock
simple procedure. Three items make this spectrum at th~is point can he many limes the
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peak amplitude of the component. And third, 1REF1RECE I:S
at frequencies much higher than the frequency
of a SIIOC component the spectrum will be 1. Hobert U. Yang and Herbert It. Saffell,
equal to the peak amplitude of the component. "Development of a Wavel'ormn S\ aN1lihos

Since the peak nplitudes of all the components Technique - A Supplement to ltespjnse
occur at the same time (t - 0), the peak ampli- Spectrum as a Definition of Shock Ei1-
tude of the composite will be equal to the sum vironment, " Shock and Vibration lilletin,
of the peak amplitudes of the components. And No.42, ]'art 2, Naval Hcsearch l.aboratories,
the shock spectrum of the coiposite of high Washington, 1). C. , January 1972.
frequencies will be equal to this peak ampli-
tude. 2. J. T. Foley, summary of rail switching/

humping shock environment cirtieria,
CONCLI SIONS Data Bank Code No. 1DB A1202, Sandia

Laboratories, Albuquerque, New Mexico,
It has been shown that the proposed July 1969.

SItOC pulse can be used to match a great
variety of shock spectra. The pulse has char- 3. Jay M. LeBrun and John Favour, "lFeasi-
acteristics lending itself toward reproduction bility and Conceptual Design Study - Vi-
on existing shaker systems. The technique bration Generator Transient Waveform
has been used successfully on electrodynamic Control System," Final Report prepared
shaker systems. for NASA June 1969, Contract NAS5-15171,

Goddard Space Flight Center, Greenbelt,
Maryland, by Aerospace Group, The Boeing
Company, Kent, Washington. This report
also released as Boeing Document D2-
114438-1.

4. D. 0. Smallwood and A. F. Witte, "The
Use of Shaker Optimized Periodic Tran-
sients in Matching Field Shock Spectra,
SC-DR-71 0911, Sandia Laboratories,
Albuquerque, New Mexico, May 1972.
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DISCUSS ION

Mr. Koen (Bell Laboratories): We have Mr. Witte: What is this criteria? I

used the sunmmation of damped sinusoids in our guess I don't understand. What is the severity
tests. We fed in a damped sinusoid and a criteria?

damped co-sinusoid and calculated the response

spectrum from the test. We found that the Mr. Koen: I'll try to pose it another
shaker produces a response spectrum for neither way. If we allow th damping to vary, we find

a damped sinusoid nor a damped co-sinusoid, that equipment can pass and still meeL the

The thing that is produced is an amplification response spectrum. Once we fix the damping,

in the neighborhood of the predominant frequency the same equipment would not pass with the

of the sinusoid. I suggest that the analytical same response spectrum.

results you showed for the bell sinusoid would

be significantly different in the neighborhood Mr. Witte: I would think that that would

away from the predominant frequency on an be a problem with shock spectra technique

experimental basis. Secondly, in the synthe- itself.

sized wave form test, we fix the damping which

the person is allowed to use. Through a Mr. Koen: Yes

method of what we call single damped sinusoid

calibration tests, we come up with a set of Mr. Witte: This wasn't the argument. I

predistorted inputs so that we maintain, for was arguing the point that we can match shock

example, a 5% damped sinusoid. I might add spectra very effectively.

that, if we had not done that, while we can

match the shock spectrum, we might get away Mr. Smallwood: What the gentleman said is

with a very un-severe test by choosing very true. There is a philosophical argument here.

low damping factors in the damped sinusoid Me chose to try to reproduce decayed cosines

test. recognizing that the shaker won't reproduce
them really. We chose to choose a wave form

Mr. Witte: Was that a question? which we could reproduce on the shaker with the
view to doing a better job of predicting before

Mr. Koen: It was just an observation on the test what we're really going to get from

changing the damping and the amplification to the shaker.

what ever value you pick. For example, if you

change the damping, you can come up with a very Mr. Favour (Boeing Company): I think

mild test but still match the criteria, you're saying that here is an industry that's
wrestling with the problem of tests being

Mr. Witte: We have the option of either specified primarily with the shock spectrum,

changing damping, amplitude or frequency. but recognizing that this is not the entire
answer. So, now the customer also wants

Mr. Koen: We specify the damping you're people to test to a time history.

permitted to have and you're not allowed to

change that when you match the criteria. Mr. Witte: Right. One thing that we
should consider when we're trying to match

Mr. Witte: Now wait a minute. This is the shock spectra, if shock spectra is the criteria,

decay rate of the cosine. It is not the damping is that the wave form of the transient that we

of the shock spectra, use should look something like the wave forn:
that we actually see in the field environment.

Mr. Koen: No, I meant the decay rate of I think this is very ver) important. A half-
your bell sine. sine or a haversine is a very poor simulation

of the oscillatory type transient that we see

Mr. Witte: Why are you fixed on decay ;n the field.

rate? Why can't you vary this?
Dr. Morrow (LTV): In connection with the

Mr. Koen: We want to get a specific type observation that the shock spectrum by itself

of a wave form that has a specific shock sever- may not completely define shock severity so one

ity. As you probably know, you can match the is inclined to specify a time history require-

response spectrum in many different ways. ment as well, I would like to make a point. If

one uses what haa been unfortunately called the

Mr. Witte: That's correct, primary spectrum, this has very little corre-
lation with shock severity. One can easily

Mr. Koen: We also used both damped and show that at high frequencies it merely yields

undamped response spectra in our criteria, the peak value of whatever time function is
We found that unless you use the proper damping used. One should deerphasize primary (initial)

you only meet one spectra and not the others, and composite spectra and place more emphasis

on residual shock spectra or on Fourier spectra.

149



Mr. Schell (Shock and Vibration Information
Center): In the matching of the test data to
the predicted or calculated data that you
showed on your slide, was this a rigid mass
load on the table or was it a reactive type
load?

Mr. Witte: It was a missile structure and
it was a reactive type load.

Mr. Fandrich (Radiation Inc.): Let's get
back to the discussion of shock spectrum and
time histories. In 1971 1 published a paper
in the Institute of Environmental Sciences
Proceedings that des-ribed a piece of analog
equipment that generates exactly the same thing
you did, a suimation of decaying sinusoids.
The intent of the paper was to describe a piece
of equipment that generates a time history
simular to those seen in the field rather than
a shock spectrum. I think this method can be
used either for shock spectrum or time history.
In that paper I show an actual recorded shock
from the field, something I stole out of
another paper photographically, and a very
good reproduction of that of a complicated

time history. So I think using this kind of
summation of decaying sinusoids can be
satisfactory both in shock spectrum and time
history.
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A TIZANSIINT VIBRIlATION "'I'IS'l" TlXIINIQL 1:

'SIN(; I.AST 1.'AVOHiA l. III']NSI

1). 0. Smallwood
Sandia Laboratorie.

Albuquerque, New Mexico 87115

A technique is described wherein the response of a linear
structure to a transient vibration is maximized to produce
the largest possible response for any input whose Fourier

spectrum magnitude is equal to or less than a given envelope.
It is shown how this technique can be used as a practical test
criterion. Examples are given to illustrate the technique and
to show typical results. In two examples the method is com-

pared with the shock spectrum approach. The method will
usually produce responses which are 1. 1 to 2. 5 greater than
the structural response to a classical (for example, a half
sine) pulse or to a typical field pulse. Thus the method pro-
vides a conservative, but not an overly conservative, test

environment.

NOMENCLATURL H;:: - the conjugate of the complex
quantity H

In general lower case letters denote
functions of time. The corresponding upper I - a constant

case letter is the Fourier transform of the
time function and is a function of frequency. K - a constant

x - an input function ly(t) max - the maximum value for the abso-

lute value of y at any time
y - an output function

X e - an envelope of the Fourier spec-
h(t) - the system impulse response trum of X(W)

function

E[ ] - the expected value
l(w) - the system frequency response

function Al, N - constants (see Eqs. 12, 13)

w - circular frequency z - a phase angle

- circular frequency p - a probability density function

i - A, B - random variables, also used to
designate two field events

t - time
A, 13 - also a constant

1111 - the magnitude or absolute value
of the complex quantity 11 A ", IV, - used to designate the modified

field events A and 13
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NOMENCIATUIRE (cout) worst environment has been suggested 3-7]
and will be discussed in this report.

a - the standard deviation

BASIC TIHEORY OF LEAST FAVORAIILE
T - a pulse duration RESPONSES'

p - a circular frequency Assume that the system can be repre-

sented by a linear system as shown in Fig. 1,
- damping coefficient, the fraction of where 1l(w) is the system frequency response

critical damping function, and x(t) and y(t) are the system
input and response, respectively. Note that it

6(t) - the Dirac delta function, a unit impuse is not required that x(t) and y(t) have the same
physical units. For example, x(t) could be an
acceration and y(t) the relative strain between

INTRODUCTION two points. Let X(W) and Y(w) be the Fourier

spectra of xt) and y(t).
Transient vibration reproduction on

shakers has advanced rapidly in recent
years [ 1, 2] . It is now possible to reproduce
any waveform on a shaker which is within the input Linear System response
frequency, force, displacement, and velocity os
limits of the vibration system being used. The x(t) u4(w) y(t)
use of digital computers and digital to analog
converters makes it possible to reproduce any
pulse which can be expressed analytically or as
a series of time samples. Now that the capa- Fig. 1 - Single Input/Single Output linear system
bility has been developed, the question arises
as to which pulse to reproduce. The first

impulse is to reproduce a field pulse. This Then
has many advantages. It certainly representsr
a realizable field environment. The difficulty X() x(t) e -i

t dt (1)
is that even though this field environment was -

realized in the past, there is no guarantee that
it will happen again in a future event. Further,
if a test specimen survives the past environ-
ment it does not guarantee survival in the I t
future since one is not sure that this particular x(t) f X( ) e d Le (2)
measurement represents the most severe case -

possible. Another difficulty arises when several
field environment samples are available and all
different. Which record do you use to perform
qualification tests? It is also sometimes de- i.t
sirable to combine several environments into Y () =f y(t) e dt (3)

one test. Again this becomes difficult when the -

field environment is used to represent the en-
vironment in a test laboratory. One way out of and

this dilemma is to select the "worst" field en-
vironment, if this can be defined.

One method of picking the worst environ- -

ment is to compute the shock spectrum (some-
times called the response spectrum) of the field With the aid of the frequency response function
records. It is then assumed that any transient
vibration with a shock spectrum equal to or 1
greater than the composite shock spectrum of y(t) f-J H(W)X (W) eit d , (5)
all field records will be a conservative test. -

The difficulty with this technique is that a single

degree of freedom system is assumed even
though the assumption is not true for many real 1n this memorandum, the words "worst-
systems. Thus, both overtests and undertests case" and "least favorable" are used inter-
can result. Another technique for defining the changeably.
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Shinozuka [3,4] showed that x(t) having a and the product
Fourier spectrum given by 11(w) X(W ) X (LJ) I 1(W)J e (1

X (W ) I V .(W )e

X(W) e (Ii) Tfhus at the output, for the worst-case input,)I1(uo) I the phase angle is zero at all frequencies at
t 0. That is, all the frequency components

will result in the maximum absolute response will constructively add at t 0.ly(t)Imax for all possible inputs x(t) having a One objection to the resulting input isFourier spectrum whose magnitude is equal to that it is not causal, i.e., x(t) for t < 0 is notor less than Xe(w)). This can be seen as follows: zero. However, it will be noticed later that the
input decays rapidly for both positive and nega-
tive time. If a time duration r is defined such=yWt I) t X(w)H(,e) 'wt del that x(t) is arbitrarily small for t < -r ort > r then the time history can be truncated at
± T without seriously changing the input or re-
sponse. Strictly speaking the truncated input(,0 X ) 1(w) Ide (7) will not produce the least favorable response;

- however, the response can be arbitrarily close
to the least favorable response. A new input

f XJ wcan then be defined by shifting the time T such-i Xe(w) IH (w) dw I that

z(t) z x(t - T) for 0 < t < 2TIf an input X(w9 can be found which will give a
response jy(t) I = I for some time t it will be a = 0 elsewhere
least favorable input. That is, the input will
result in the maximum value for the absolute thus removing the causal objection. The maxi-value of y(t). If the value for XWu) given in mum response will now occur near t r, andEq. (6) is chosen, the Fourier spectrum will be given approxi-

X (W ) mately by

H(w) ei
L
t 

dw YGJ) = X (W) Ill(f) -

- H(ui(

Drenich [ 3] showed that for all envelopes Xe,STT Xe(W)IH(W)I eiwt dw , (8) such that

and at t =0 1f IXe(e)) 2 
dw, A 2  (12)

y(0) = - Xe(e) IH(w) I d= I (9) where Al is a finite constant, a least favo,- ble21 _envelope 
is

Thus it is seen that the input given in
Eq. (6) will result in the maximum possible X e ',(') 
response. In addition it is seen that this
maximum response will occur at t = 0. The where
physical significance of Eq. (6) can be more
readily seen by writing 11(w) in polar form. N2 h()d f I H ()12

1I(w) = HI(w)I ei (W) d  
2v _ (13)

where =H(] and h(t) is the impulse response function.
Re [H(W) 

Using Eqs. (11), (12), and (13) the
Equation (6) becomes least favorable input becomes

X() = X(w) e i¢(w) X(W) I IH(,)I I
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or The expected value of eiA is given by

it N h-0L iA(a, W i  
A (a) do

Except for a scale factor, 'M/N , the least where pA((a) is the probability density function
favorable input is the time-reversed impulse of the random variable A.
response.

If it is assumed that A is relatively
If in addition to restrictions on the small such that y(0) will be near the maximum

Fourier modulus, additional restrictions can value of Iy(t) I and further assume that A is
be placed on the phase or delay of the Fourier normally distributed with a zero mean and
spectrum, the least favorable response can be variance a 2 , where a can be a function of L
reduced to values less than those given by then
Shinozuka's formulation. In the limit it is
shown that the problem is reduced to the deter- 1 - 1/2(ola)2

ministic case where the complete Fourier P A , (17)
spectrum (both magnitude and phase) are speci-
fied. This case is discussed in detail in and
another report [7] and will not be repeated here
for the sake of simplicity.

E EeiA] - e -a/2

PRACTICAL CONSIDERATIONS
Therefore

Errors -- In a real case, the exact point
on a structure where damage is likely to occur (,)
is seldom known. Also, measurement errors 2 y( e
will occur when measuring the system transfer F'[y(Oj '-f Xe(L)lH(w)d e 2

functions and the input spectrum envelope. Ad-
ditional errors will occur when the least favor- (18)

able input is generated. To examine the effect
of these errors consider the following. The If a is independent of w
least favorable response is given by Eq. (9).

SE[y(o)] = le-°'/' (19)
y(0) = Xe(a.) [H(,,)I dow=

2r fThe result is a biased estimate, i.e., the ex-
pected value of y(0) will always be less than I.

If however an error in the phase angle is in- However, a can be quite large and not affect
cluded (this error can be an error in O(W) or the results significantly (see Fig. 2). For ex-
in our ability to generate X(W)), y(O) can be ex- ample, an error with a standard deviation of
pressed as 10 degrees will result in an 8 percent error.

1(0 -! X W -i (W) I,(W) IeiP,, eiA de1.0
2 e 

0.9

(15) 0.8

I f Xe(,,) i()IelA dc 0.7

In general A will be a random variable A(,,w). 0 0.5
The expected value of y(O) is given by T

0.4
X()HLL)IeiA d ,,

21r 1.0 10.0 100.0

(16) a(Degrees)

- XeW)IH()IE eiA] d. Fig.2 - Normalized error as a function of the
-= f phase error
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Consider now an error in tile amplitude. Again Therefore frequently the envelope Xe(w )
the error could be an error in I I f( )I and/or need not covet all the peaks in the field en-
al error in Xe(w). Rewriting Eq. (8) to include vironment Vourier spectrum as long as Eq. (22)

the error term gives is valid. For many cases an envelope as
sketched in Fig. 3 might be suitable.

y(t) X( )+ If evidence exists to indicate that the-L(t e j X (-) l(Wc) \ +B(,3, )] it d
,

21r Fourier spectrum of the field environment is

strongly influenced by system dynamics (i.e.,

dips will occur in the Fourier spectrum near

-- dthe fixed-base natural frequencies of the sys-
X( II I e dI tem), Eq. (22) indicates that even a lower en-

(20) velope would be in order.

+ --f Xe,(wC) IH W ~B(U, wo) e 
i ' t de

where B is a random variable denoting the
error in the product X (w .

€00
y (0) =I+-f Xe(W ) H(W I B(ow) dw

and the expected value of y(0) is given by

E [y(0)] E +itQ Xe(w ) I H( I B(d w
) 

dw] FRE iNCY

(21)

Fig. 3 - Ar en,'cloye of a Fourier spectrum

If little is known about 11(w), Xe should

If the expected value of B is zero, i.e., a zero be heavily biased toward the peaks of the field

mean, then Ely(0)] = I . However, as long spectra. As more is learned about H(w), Xe()

as can be modified to lower the levels. Of course,

uncertainty in the field environment must be
1 , accounted for.

i X e(w ) IH(W )IE [B ( 'L )] dw 0 , (22)

ANALYTIC EXAMPLES
Ely(0)] a I

Single Degree of Freedom System -- In

Equation (22) implies that errors in measuring order to gain a little insight, an example using

H(W) will have little effect as long as the errors a single degree of freedom system will be given

are not biased. of the least favorable input of a pulse having the

same frequency content as a square wave. The
Drawing Envelopes -- For the case where transfer function of the single degree of free-

H(W) is a nondimension motion transfer function dom. system will be of the form,

(for example, acceleration/ acceleratio ,), the

mechanical impedance of the structure will be 2

high where I( W)I is large. This will result H(w) n

in a notch in the Fourier spectrum of the input 2 -2 + 2i ww

unless the driving impedance is much larger. n n

Thus for the case where the structural im-

pedance is comparable to the source impedance
the product Xe(W) I H(,j) I will tend to be

smoother than either Xe or H.
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where ( h further CXaamphl will illUSt1,tr( the point.

W the natural frequency of the system I it
n

2 rr (100)(rad/ sec) 11w) 1 (a rigid body)

4 the fraction of critical damping X () K/.. for -t. w -S2

C

0.05 ° 0 elsewhere

The results are shown in Fig. 4. (The Kf
time on Fig. 4 parts (c) and (d), has been y(t) e e du

shifted by r/2 for convenience.) The input _f
pulse is shown first followed by the response
of the single degree of freedom system to the
input pulse. Shown next is the least favorable y(t) : sin (Q-t)

(or worst-case) input pulse having the same
Fourier envelope as the preceding input pulse.
And last is the response of the single degree

of freedom system to the least favorable input.
A tendency to concentrate the high-frequency
portion of the prlse near t 0 is evident.

c.2

TIME TIME

(a) (c)

M L me

a U

T|I TIME

(W) (d)

Fig. 4 - A 0.05-second square wave
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Thus thoi least favorablU input is tile familiar
sin x/x functin. And the limit as S2 ap-

proaelies infinity is

lim Y(t) 1.(t)

where 8(t) is the Dirac delta function. I

Five-_Mass System -- To further illus-

trate the technique, the response of a five-mass

system will be studied. A five-mass system ''i
was chosen as a system sufficiently complex to I U O M

represent motions different from a one degree

of freedom system, yet simple enough for the I
motion to be understood. The system used is
shown in Fig. 5. The input will always be at "

mass 1. l0
__________(b)

42.0 lb

Mass 5

19 04 X 10 6 Wi/n. 2%O/

40.5 lb A"1

M ass 4 10C e

1. 186 x 10 6 lb/in. 2 % IN

38.4 lb

Mass 3

.875 x 10
6 

tb/in. 2 % (C)

36.2 lb

Mass 2 .1

i. 095 X1 t6 lb Iin. 2 91

3. 35 ]b"lw 
t

Mass 1 Fig. 6 - Frequency transfer functions for the
five-mass system

Fig. 5 - Five-mass system
missile system). The time histories of these

events are shown in Fig. 7. The Fourier

The magnitudes of the required transfer spectrum and the shock spectrum of the events

functions It., are shown in Fig. 6 where i is are shown in Figs. 8 and 9. The shock spec-

the input mass and j is the response mass. trum of a terminal peak sawtooth is included
for later use. The Fourier spectra were en-

For an input to the system two field re- veloped with two envelopes. The first is the

cords are used (the field records are the exact envelope of the events A and 11. The

separation shocks called events A and 13 gener- second will be referred to as envelope C and

ated on two flights during stage separation of a is shown on Fig. 8. If a more conservative

157



E 'i Eoo, A-

envelope is desired the responses cLui be pre- ]Ee."t A

dicted, Ls the responsc is proportional to the 1

magnitude of the envelope as long as the shape

of the envelope is not changed. To illustrate A7

the type of responses expected the responses MLP
of mass 5 to the events A and B (the field '

records) are shown in Fig. 10. I Ii,o i i ' :',I :fli
30 '

20

10 IIT A

i Fig. 8- Fourier spectra of events A and B

-10 1i b

0.5-0 .01 .02

TIME (S1EC

TUE (SEC) .22 .

(a)

25. EVNWEE

20,

10, V 0 rL
100 1000 10, 00

-REOlv ECY 00)

Fig. 9 - Shock spectra of events A and B

A and B [8 . The usual procedure for shock

spectrum testing is to envelope the shock spec-
trum with the spectrum of a test pulse. The

.20 test pulse is then used to test the system.
From Fig. 10 it can be seen that the spectrum

. .2of the sawtooth does a credible job enveloping
TIE (SC) the spectra of the events A and B at the high

(b and low ends of the spectrum. The sawtooth
overtests the mid-frequencies. Figures 13
and 14 shows that the SHOC pulse matches the

Fig. 7 Time history of events A and B spectrum quite well. It is recognized that for
multiple degree of freedom systems the shock

spectrum technique should be applied with

The worst-case response of mass 5 to caution. As can be seen the worst-case re-
an input of envelope C is shown as Vig. 11. sponses are about a factor of two above the
The results are summarized as Fig. 12. The field responses. The responses of the various

peak response for each mass is plotted for the masses to the least favorable input for mass 5

various inputs described on the figure. The generally lie between the least favorable re-
response to the sawtooth is included as a com- sponse and the field responses. This is en-
parison with the shock spectrum approach. couraging as it shows system insentitivity to

Curve G is an oscillatory type pulse which the location of the worst-case reference points
matches the shock spectrum envelope of events for establishing the transfer function i(u)).
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ILIA- 0SPUNL TO FUl! PJ:',E A

I - U' TU FILD FL A0 E

C -WCO. 10 INOE OF AL &
I - RSPLU. T, ML W.C. INPUT FOR MASS 5

(ENVELOPE OF A & I)
E -ESPCIOT TO TH( W.C. INPUT FOR MSS 5

(ENVELOPE El

SHIOLK SPICTRJM SIMIATIA

F - ESPISE TO A 1056 0.5 sEc
lTEMIsAL PtAK OATOOIH

G0 - SHOC' PULSE

I so5 "

.g6 .01 AIJISC .6 .1g7

G'60

c

F . 1 - a - ee o

AandA
Fig. 12 -Summary of five-mass system

response to events A, 13, ard

.5 .9 .0 related pulses
TIN EACI

(b)

Fig. 10 -Mass-five response to events
A and B

so

IW 

0.

TIVE MC

Fig. 11 -Mass-five worst-case Fig. 13 -SHOC pulse tinme history
response to envelope C
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,: responses to the least favorable input for mass
5 are even less than before. This is because

the transfer functions (11) vary less than be-
fore in the frequency range where most of the
pulse energy is located. Again the ratio of the

MUOK OF Jleast favorable response to the maximum field

responses is generally less than 2.

Moc A - RESPONSE TO PUJLSE A'
B - RESPONSE TO PULSE B
C - WORST CASE RSPONSE (ENVLOPE A' 9 B)

D - RSPONSE TO THE WORST CASF INPUT10 IMASS S
E - RESPONSE TO A 1O5 S sEc TRMINA.
PEAK SAWTOOTH

F -'SHOC' PULSE

IM NO D

As Fig. 12 illustrates, even when the leastLO
favorable input is based on the response of 9

mass 5 the response of the remaining masses so 'A

tends to be higher than the typical field data.

In any event the least favorable response can
be predicted and the responses of masses can
be compared with the least favorable result to 40NO D

establish the need for further testing. The
figure also shows that the least favorable input A

is not an unreasonable test as the responses
are only a factor of two above the field re- 20

sponses. In fact on the basis of many examples

the ratio of the least favorable response to 15
field response will usually be in the range 4 2 3 ii s

from 1. 1 to 2. 5 with ratios over 2 relatively MAS

rare. The relatively minor differences be-

tween curves D and E illustrate that the tech- Fig. 15 - Summary of five-mass system

nique is not sensitive to minor changes in the response to events A B:, and

envelope. It also indicates that good results related pulses

can be obtained even if some of the peaks of
the Fourier spectrum are not enveloped. This It is seen that the shock spectrum tech-
topic was discussed earlier. nique using the SIIOC pulse produces an over-

test on mass 1 and an undertest on masses 3,

The shock spectrum approach is seen to 4, and 5. The sawtooth produces an accept-

produce an overtest on mass 1 while testing to able test due to the excess energy in the mid-

acceptable levels on masses 3, 4, and 5. frequencies. Figure 15 also illustrates the
danger in reproducing a field event as a test.

For a second example the same field Events A: and B: have very similar time

events are used except that the frequency histories, Fourier spectra, and shock spectra.
content is lowered by an order of magnitude. However, if event B* were used as a test event

That is, the event time history is the same the system would be seriously undertested.

except the time axis has been changed from 0
to 0.025 second to 0 to 0.25 second. An equi-

valent example would be to keep the field IE\I'I?\IENTATION OF TlE LEAST
records the same and raise the natural fre- FAVOHABLE TEST TECHNIQUE

quencies of the spring mass model an order of
magnitude. These events will be referred to A proposed method for implementation of

as A:: and 1:. The results are summarized the formulation by Shinozuka will be briefly

as Fig. 15. Again it is seen that the least discussed. The other techniques of Drenich

favorable responses have roughly the same and Smallwood [ 3, 7 ], discussed in the Basic

shape as the field responses. The differences Theory section, could be implemented in a

between the least favorable responses and the similar fashion.
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The proposed implementation technique The technique was tested using a canti-
is a modification of a transient waveform re- lever beam to simulate a test specimen. The

production technique discussed in Ref. 2. A transfer function 1lll of the systelil is shown
block diagram of the technique is shown in in lig. 17. The predicted least favorable re-
Fig. 16. Briefly, the test item would be sponse and the actual response for \((W I eln-
mounted on a input device (here assumed to be velope C (Fig. 8) are shown in Figs. 18 and 19.
al electrodynamic or electrohydraulic shaker).
A low level calibration pulse would then be ap-
plied to the system. The calibration pulse CONCIIUSIONS
could be any transient with energy aL all the
frequencies of interest. Shown in Fig. 16 is a It has been shown that the least favor-
fast sine sweep (typically a log sweep from 5 able response approach to transient vibration
to 2000 Ilz in 100 msec). Another suggested testing is a practical technique. No important
calibration pulse would be a burst of pseudo- advances in the state of the art need to be
random noise (the sum of many sinusoids with made to implement the technique. The tech-
equal amplitude and random phase). nique offers many advantages including:

The Fourier transform of the calibration 1. A single degree of freedom s- stem is not

pulse, the observed mechanical input, and the assumed. The actual dynamic behavior of
structural response would then be computed, the test item is considered.

From this information the required fre- 2. The technique will produce a conservative
quency transfer functions could be computed, test. Hlowever, the results are not usually
The frequency transfer functions combined overly conservative.

with the stored function Xe(w ) could be used
to compute the electrical input which will 3. The response can be predicted for corn-
produce the desired least favorable response. parison with the test results for judgments
This input would then be used for the test while concerning the acceptability of a particular
observing the actual test mechanical input and test.
structural response.

fel)no

Testfc W Itemn [ lpu C,,111pL,- F'lectrical
Sfl Input fr 1n-pasl

Shaker

Calibration Power F(,)

Puise Amplifier e(t) [ ('{ ul,
hwc~~l~ rs, -D n+

ADC ADC A"DC l
Channel 0 channel i Chane 2

Transform Transform Transform Amplifier
Calibration Mechanical Mechanical

Pulse Inpsl Response

F -C AD

Ch. l IChannel 2

TaseTrnfrMechanical Observe

FntoFucinInput Lesponse

I H CH I Hlli

Fig. 16 = Implementation of the least favorable response test technique
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4. The technique can be applied to generate REFERENCES
a single test to simulate several environ-

ments. 1. John V. Otts and Norman F. Hunter,
"Shock Repreduction on Shakers," Pro-

The disadvantages include: ceedings of the 1969 Instrument Society of
America Annual Conference.

1. A greater burden is placed on the personnel

responsible for specifying the test. Not 2. Jay M. LeBrun and John Favour, "Feasi-
only must the Fourier spectrum of the bility and Conceptual Design Stucy-Vi-

input be specified, but the point or points bration Generator Transient Waveform

on the structure from which the least Control System," Final Report prepared

favorable input will be generated must be for NASA June 1969, Contract NAS5-11171,

specified. Goddard Space Flight Center, Greenbelt,
Maryland, by Aerospace Group, The

2. A knowledge of the Fourier spectrum of Boeing Company, Kent, Washington. This

the environment is required. However, report also released as Boeing document

this knowledge can range from excellent to D2-114438-1.
an estimation of the area under thu curve;

the less that is known the more conser- 3. Hudolf F. Drenich, "Model-Free Design of

vative the resulting test. Aseismic Structures, " Journal of the
Engineering Mechanics Division, Pro-

3. The technique requires advanced testing ceedings of the American Society of Civil

equipment. Engineers, pp 483-493, August 1970.

4. At the present the technique can only be 4. Masonoubu Shinozuka, "Maximum Struc-

applied on electrodynamic or hydraulic tural Response to Seismic Excitations,"

shaker systems, and the limitations of Journal of the Engineering Mechanics
these systems must be considered. Division, Proceedings of the American

Society of Civil Engineers, pp 729-738,
October 1970.
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DISCUSSION

Mr. Gaberson (Naval Civil Engineering Mr. Smallwood: We wouldn't be able to re-
Laboratory): What is the envelope of a produce it using this technique, because we have
Fourier Spectrum? to stay within the limitations of the electro-

hydraulic or electrodynamic shaker systems.
Mr. Smallwood: The Fourier Spectrum

is strictly speaking a complex quantity. All Mr. Gertel (Kinetic Systems): I find it
I am doing is calculating the magnitude of very difficult to believe that enveloping
the Fourier Spectrum and forming an envelope. Fourier spectra will only introduce a small
It is just like you form envelopes of power degree of conservatism. I have a very strong
spectral densities for random vibration test- feeling that such enveloping, if enough data are
ing. enveloped, will lead to considerable overtesting

in some instances. You are inevitably apt to
Mr. Gaberson: We plot a lot of Fourier wind with the antiresonant type of situation

transforms and we plot all amplitudes. Would where one component or other is going to catch
you call the graph of the amplitudes versus a very difficult environmental ride by the test
the frequency the envelope? trying to force it up to a level that wouldn't

exist in the real environment.
Mr. Smallwood: Generally the envelope

would be a smooth function. Usually the Mr. Smallwood: I agree with you whole-
magnitude of the Fourier Spectrum is a very heartedly. In fact I discussed this business of
ragged function. By speaking of an envelope, how you form the envelope more fully in the
I'm simply saying that you smooth this out by written version of the paper where I suggest
drawing some straight lines over the peaks, that perhaps you would not want to envelope all
Your conservatism in drawing this envelope the peaks. Perhaps you would want to draw a
will influence the conservatism of your test. mean envelope so that you are not trying to

envelope either the peaks or the minimums. This
Mr. Gaberson: We have done some tests might perhaps be a more realistic envelope.

where clearly during the test there was a
heck of a response at a single frequency.
When we do the Fourier transform we will see
velocity levels at 1000 and 1300 inches per
second. If you put an envelope on that and
tried to test to 1000, you couldn't on an
electrohydraulic or electrodynamic shaker.
What would you do if you did a Fourier trans-
form of a pulse and you saw 1400 inches per
second?
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